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ABSTRACT
C o r e s  f rom Enewetak  A t o l l  a f f o r d  an  e x c e l l e n t  
o p p o r t u n i t y  t o  s t u d y  d i a g e n e t i c  a l t e r a t i o n  i n  c a r b o n a te s  
from t h e  modern s e d im e n t - w a te r  i n t e r f a c e  t o  b u r i a l  d e p th s  
o f  o v e r  1 ,3 0 0  m. I n t e n s i t y  o f  d i a g e n e t i c  a l t e r a t i o n  in  
C e n o z o ic  c a r b o n a t e s  on Enewetak i s  l a r g e l y  a f u n c t i o n  of  
t im e  which  s t r a t a  h a v e  b e en  i n  d i a g e n e t i c  e n v i r o n m e n t s  
w i th  a c t i v e  w a te r  c i r c u l a t i o n .  In  P l e i s t o c e n e  s t r a t a  d e p o s i t e d  
in  b a c k - r e e f  e n v i ro n m en ts ,  d i a g e n e s i s  i s  dominated by m e te o r i c  
p r o c e s s e s  i n c l u d i n g  d i s s o l u t i o n  of a r a g o n i t e ,  c a l c i t e  cementa­
t i o n ,  and a l t e r a t i o n  o f  a r a g o n i t e  and h igh -m ag n es ian  c a l c i t e  
(HMC) t o  l o w - m a g n e s i a n  c a l c i t e  (LMC). P e t r o g r a p h i c  and 
s t a b l e  i s o t o p e  d a t a  s u g g e s t  t h a t  a r a g o n i t e  neomorphism 
o c c u r re d  by a p r o c e s s  of  p a r t i a l  d e l i c a t e  i n t r a f a b r i c  d i s ­
s o l u t i o n  of a r a g o n i t e  fo l lo w ed  by c a l c i t e  i n f i l l i n g .  M eteor ic  
a l t e r a t i o n  i n  P l e i s t o c e n e  s t r a t a  i s  i n t e n s e  bo th  in  i n t e r v a l s  
im m edia te ly  below s u b a e r i a l  ex p osu re  s u r f a c e s  and i n  i n t e r v a l s  
a f f e c t e d  by m e t e o r i c - p h r e a t i c  env ironm en ts  f o r  s i g n i f i c a n t  
a m o u n t s  o f  t i m e .  C e n o z o ic  c a r b o n a t e s  ( i n c l u d i n g  some 
P l e i s t o c e n e  s t r a t a )  , away from exposu re  s u r f a c e s  and o u t  
of a n c i e n t  m e t e o r i c - p h r e a t i c  zo n es ,  g e n e r a l l y  e x h i b i t  l i t t l e  
m e te o r i c  a l t e r a t i o n .
Marine d i a g e n e s i s  on Enewetak i s  most i n t e n s e  i n  permeable  
s t r a t a  n e a r  t h e  s e a w a rd  m a r g i n  o f  t h e  a t o l l .  In  Lower 
Miocene s t r a t a  of  t h e  Enewetak F - l  w e l l  (375 -  850 m ) ,
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e x te n s i v e  a r a g o n i t e  d i s s o l u t i o n  and r a d i a x i a l  c a l c i t e  cement­
a t i o n  o c c u r re d  i n  r e l a t i v e l y  deep m ar ine  w a te r s  c i r c u l a t i n g  
t h r o u g h  t h e  a t o l l .  T h ese  r a d i a x i a l  c a l c i t e s  a p p a r e n t l y  
p r e c i p i t a t e d  d i r e c t l y  from m arine  w a te r  w i th o u t  any subsequen t  
n eom orph ism .  Dolomite  i s  common i n  d e ep e r  p a r t s  of Upper 
Eocene  s t r a t a  on Enew etak  A t o l l  ( 1 ,1 5 0  -  1,380 m de ep ) .  
P e t ro g ra p h y ,  s t a b l e  i s o t o p e  a n a l y s e s ,  and s t r o n t iu m  i s o to p e  
a n a l y s e s  c o n s i s t e n t l y  i n d i c a t e  d o l o m i t i z a t i o n  p r o b a b l y  
o c c u r r e d  i n  deep  m ar ine  w a te r s  be tween t h e  Middle Miocene 
and t h e  p r e s e n t .  The p r o d u c t s  o f  m arine  d i a g e n e s i s  w i th in  
Enewetak A t o l l  vary  a cc o rd in g  t o  dep th  and c a r b o n a t e  s a t u r ­
a t i o n .  In sha l low  m arine  w a te r s  above t h e  HMC and a r a g o n i t e  
s a t u r a t i o n  d e p t h s ,  d i a g e n e s i s  c o n s i s t s  p r i m a r i l y  of HMC 
and a r a g o n i t e  c e m e n ta t io n .  In  a c t i v e l y  c i r c u l a t i n g  marine  
w a t e r s  between t h e  a r a g o n i t e  and c a l c i t e  s a t u r a t i o n  dep th s  
(300 -  1 ,000 m ), a r a g o n i t e  d i s s o l u t i o n  and r a d i a x i a l  c a l c i t e  
c e m e n t a t i o n  a r e  p e r v a s i v e .  Below t h e  c a l c i t e  s a t u r a t i o n  
d e p t h  ( 1 ,0 0 0  m) , c a l c i t e  d i s s o l u t i o n  and  d o l o m i t i z a t i o n  
have a p p a r e n t l y  o c c u r r e d  i n  m ar ine  w a t e r s .
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INTRODUCTION
The u l t i m a t e  p o r o s i t y  of a n c i e n t  l im e s t o n e s  and d o lo m i te s  
i s  d e t e r m i n e d  by (1) d e p o s i t i o n a l  (pr imary)  p o r o s i t y ,  (2) 
t h e  d e g re e  t o  which cem en ta t io n  and compact ion  have f i l l e d  
o r  d e s t r o y e d  th o s e  p r im ary  p o re  s p a c e s ,  and (3) t h e  amount 
o f  s e c o n d a r y  p o r o s i t y  g e n e r a te d  by d i s s o l u t i o n  and f r a c t ­
u r i n g .  B ecau se  p o s t - d e p o s i t i o n a l  ( d i a g e n e t i c )  p r o c e s s e s  
commonly c r e a t e  and o b l i t e r a t e  p o r o s i t y  in  c a r b o n a t e  ro ck s ,  
u n d e rs t a n d in g  th o s e  d i a g e n e t i c  changes  i s  v i t a l  t o  p r e d i c t i n g  
p o r o s i t y  and l o c a t i n g  p o t e n t i a l  hydrocarbon  r e s e r v o i r s .
D i a g e n e t i c  a l t e r a t i o n  o f  c a r b o n a t e s  o c c u r s  i n  many 
d i f f e r e n t  en v iro n m en ts .  During t h e  l a s t  15 y e a r s ,  numerous 
s t u d i e s  have examined t h e  d i a g e n e t i c  a l t e r a t i o n  of  Holocene 
and  P l e i s t o c e n e  c a r b o n a t e  s t r a t a  by s h a l l o w  m a r i n e  and 
n e a r s u r f a c e  m e te o r i c  w a t e r s .  In  a d d i t i o n ,  many d i a g e n e t i c  
s t u d i e s  hav e  exam in ed  a n c i e n t  c a r b o n a t e s  a f t e r  they  have 
b e e n  t h r o u g h  s i g n i f i c a n t  b u r i a l .  However, few s t u d i e s  
have a t t e m p te d  t o  examine th e  continuum o f  d i a g e n e t i c  p r o c e s s e s  
a f f e c t i n g  c a r b o n a t e  r o c k s  f rom  t h e  p e r i o d  s h o r t l y  a f t e r  
d e p o s i t i o n  th rough  n e a r s u r f a c e  d i a g e n e s i s  t o  deep b u r i a l .  The 
main o b j e c t i v e  o f  t h i s  s t u d y  i s  t o  t r a c e  t h e  d i a g e n e t i c  
e v o l u t i o n  o f  c a r b o n a t e  rocks  on Enewetak from n e a r s u r f a c e  
c o n d i t i o n s  t h r o u g h  b u r i a l  and e s t a b l i s h  a l i n k  b e tw ee n  
n e a r s u r f a c e  and b u r i a l  d i a g e n e s i s  on t h e  Enewetak A t o l l .
A m a j o r  p r o b le m  i n  s t u d y i n g  a n c i e n t  c a r b o n a t e s  i s
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d i s t i n g u i s h i n g  b e tw e e n  t h e  p r o d u c t s  of  m ar ine ,  m e te o r i c ,  
and b u r i a l  d i a g e n e s i s .  S t u d i e s  by Moore and Druckman (1981),  
Wagner and M at thew s  ( 1 9 8 2 ) ,  and Moore and  B ro c k  (1983) 
have dem o ns t ra ted  t h a t  i t  i s  o f t e n  d i f f i c u l t  t o  d i s t i n g u i s h  
b e tw e e n  d i a g e n e t i c  a l t e r a t i o n  in  m e te o r i c  and deep b u r i a l  
e n v i r o n m e n t s  i n  a n c i e n t  r o c k s .  A secondary  o b j e c t i v e  of 
t h i s  s tu d y  i s  t o  d ev e lo p  c r i t e r i a  f o r  d i s t i n g u i s h i n g  between 
m ar in e ,  m e t e o r i c ,  and,  t o  a l e s s e r  e x t e n t ,  b u r i a l  d i a g e n e s i s  
on Enewetak.
Enewetak  A t o l l  was s e l e c t e d  f o r  t h i s  p r o j e c t  because  
Enewetak  c o r e s  c o n t a i n  a l o n g ,  f a i r l y  c o n t i n u o u s  r ec o rd  
o f  t r o p i c a l  c a r b o n a t e  d e p o s i t i o n  and d i a g e n e s i s  from Late  
Eocene  t o  t h e  p r e s e n t .  The p o s i t i o n  of t h e s e  s t r a t a  in  
t h e  m id d l e  o f  t h e  P a c i f i c  Ocean i s  a d v a n t a g e o u s  because 
i t  removes them from d e p o s i t i o n a l  and d i a g e n e t i c  c o m p l e x i t i e s  
a s s o c i a t e d  w i th  t e r r i g e n o u s  s e d im e n ts .  Enewetak 's  g e n e ra l  
h i s t o r y  of su bs id e n c e  s in c e  Upper Eocene i s  a l s o  f o r t u i t o u s  
b e c a u s e  i t  i s  s i m i l a r  t o  t h e  sub s id e n c e  observed  in  many 
a n c i e n t  s e d i m e n t a r y  b a s i n s  ( S c h l a n g e r ,  1963 ;  M a t te s  and 
Mountjoy,  1980) .  I t  i s  q u i t e  p o s s i b l e  t h a t  t h e  d i a g e n e t i c  
e v o l u t i o n  of  c a r b o n a t e s  on Enewetak may be used a s  a model 
f o r  d i a g e n e t i c  e v o l u t i o n  of  l im e s t o n e s  i n  a n c i e n t  a t o l l s ,  
b ioherm s,  and c o n t i n e n t a l  m arg ins  t h a t  have n o t  been a f f e c t e d  
by t e r r i g e n o u s  m a t e r i a l .  M ost  m a j o r  t y p e s  o f  d i a g e n e t i c  
m o d i f i c a t i o n s  p r e s e n t  i n  a n c i e n t  c a r b o n a t e  a r e  found in  
Cenozoic c a r b o n a te s  on Enewetak.
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PREVIOUS STUDIES ON ENEWETAK
Between 1948 and 1958, t h e  U.S. Atomic Energy Commission 
t e s t e d  n u c l e a r  weapons  on Enewetak  A t o l l  ( G o t e r ,  1979) . 
To m on ito r  t h e  e f f e c t s  of  n u c l e a r  t e s t i n g ,  t h e  Uni ted  S t a t e s  
g o v e rn m e n t  has  sponso red  numerous h y d r o l o g ic ,  geochemica l ,  
and g e o l o g i c a l  s t u d i e s  o f  Enewetak  s i n c e  1950. Between 
1950 and 1952, 21 sh a l lo w  w e l l s  ( l e s s  t h a n  61 m deep) and 
3 d e e p  w e l l s  (390 -  1411 m deep) were d r i l l e d .  E x ten s iv e  
g e o lo g i c a l  a n a l y s e s  o f  w e l l  c o re s  and c u t t i n g s  a r e  d e s c r ib e d
i n  U .S .  G e o l o g i c a l  Su rvey  P r o f e s s i o n a l  Papers  260A-260II . 
Emery e t  a l . (1954) d e s c r i b e  t h e  t o p o g r a p h y  and s u r f a c e
g e o lo g y  o f  E n ew e tak .  P r o f e s s i o n a l  Paper 260-Y (Ladd and 
S c h la n g e r ,  1960) d i s c u s s e s  t h e  e a r l y  1 9 5 0 's  d r i l l i n g  o p e r a t i o n  
on Enewetak .  E x te n s iv e  d e s c r i p t i o n s  and chemical  a n a ly s e s  
o f  s a m p le s  f rom t h e  3 d e e p  w e l l s  a r e  found in  Sch langer  
(1963) . P a l e o n t o l o g i c  s t u d i e s  on f o r a m i n i f e r a  and c a l c a r e o u s  
a l g a e  in  deep Enewetak c o r e s  a r e  summarized in  Cole (1957) ,  
Todd and Low (1960) ,  and Johnson (1961) .  Numerous geo p h y s ica l  
s t u d i e s  a s s o c i a t e d  w i th  t h a t  e a r l y  1 9 5 0 's  d r i l l i n g  p r o j e c t  
a r e  d e s c r i b e d  i n  S w a r tz  (1 9 5 8 ,  1 9 6 2 ) .  Samples from t h e  
3 d e e p  Enewetak  w e l l s  ( E - l ,  F - l ,  K-l)  a r e  re-exam ined  as  
a p a r t  of t h i s  s tu d y .
B e tw ee n  1971 and 1974 ,  t h e  U .S .  A i r  F o rc e  Weapons 
L ab o ra to ry  conducted  two more d r i l l i n g  programs on Enewetak.
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During  t h e  second d r i l l i n g  p r o j e c t  c a l l e d  "The E x p lo r a t io n  
Program on Enewetak" (EXPOE) , 46 co red  b o r e h o l e s  were comple ted ,  
t o  d e p th s  of 73 -  91 m. Samples from 3 EXPOE w e l l s  (XAR-1, 
XEN-1, and XRI-1) a r e  examined i n  t h i s  s t u d y .  Other  g e o lo g i c a l  
s t u d i e s  i n c o r p o r a t i n g  i n f o r m a t i o n  from t h e s e  EXPOE c o re s  
i n c l u d e  R i s t v e t  e t  a l . ( 1 9 7 4 ) ,  T ra c e y  and Ladd (1974),
Couch e t  a l .  (1975) ,  V i d e t i c h  and Tremba (1978) ,  and Goter  
(1979)  . Schmalz  (1971) d i s c u s s e s  t h e  fo rm a t io n  of  modern 
b e a c h r o c k  on i s l a n d s  o f  t h e  Enewetak  A t o l l .  R e s u l t s  of 
h y d r o l o g i c  s t u d i e s  on s e v e r a l  Enewetak i s l a n d s  conducted 
d u r i n g  and a f t e r  P r o j e c t  EXPOE a r e  r e p o r t e d  in  Buddemeier 
( 1 9 7 6 ) ,  B uddem eie r  and  H o l l a d a y  ( 1 9 7 7 ) ,  and W h e a t c r a f t  
and B u d dem e ie r  ( 1 9 8 1 ) .  G off  (1979)  s t u d i e d  g roun d w a te r  
c h e m i s t r y  and i t s  r e l a t i o n  t o  d i a g e n e s i s  on t h e  i s l a n d  
of Engebi in  t h e  Enewetak A t o l l .
PHYSICAL SETTING OF ENEWETAK
Enewetak  A t o l l  i s  l o c a t e d  i n  t h e  e q u a t o r i a l  P a c i f i c  
Ocean (F ig .  1) and i s  t h e  w es ternm ost  member of t h e  M arsha l l  
I s l a n d s .  Enewetak  i s  a c l a s s i c  a t o l l  w i t h  i s l a n d s  and 
s h a l l o w  r e e f s  s u r r o u n d i n g  a c e n t r a l  l a g o o n  w h ich  h a s  a 
maximum d e p t h  o f  64 m (F ig .  1; Emery e t  a l . ,  1954) .  The 
s e a  f l o o r  s u r r o u n d i n g  t h e  a t o l l  i s  4 ,572  t o  5 ,852  m deep 
(Emery e t  a l . , 1 9 5 4 ,  p .  1 9 ) .  The margin  of  t h e  a t o l l  i s
5
F ig u re  1 .
L o c a t i o n  and map o f  Enewetak  A t o l l .  Note  t h e  l o c a t i o n  
o f  t h e  E - l , F - l , XAR-1, XEN-1 and XRI-1 w e l l s .  Modified 
from Goter  (1979) .
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q u i t e  s t e e p ,  s l o p i n g  s e a w a rd  a t  an a v e r a g e  grade  of  567 
m p e r  km b e tw ee n  914 m and  s e a  l e v e l  (F ig .  2;  Emery, e t  
a l . ,  1954 ;  Ladd and  S c h l a n g e r ,  1960, F ig .  2 8 5 ) .  S t r a t i -  
g r a p h i c a l l y ,  Enewetak  A t o l l  c o n s i s t s  o f  r o u g h l y  1 ,400 m 
o f  Upper Eocene  t h r o u g h  H o lo c e n e  c a r b o n a t e s  s t a c k e d  on 
a s l o w l y  s u b s i d i n g  v o l c a n i c  b a s e m e n t  ( F i g .  2 ) .  Seismic 
r e f r a c t i o n  s t u d i e s  r e v e a l  t h a t  t h e  u p p e r  s u r f a c e  of th e  
v o l c a n i c  b a se m e n t  s l o p e s  g e n t l y  t o  t h e  n o r th w e s t  ( R a i t t ,  
1957) .
Enewetak  h a s  a humid t r o p i c a l  c l i m a t e  c h a r a c t e r i z e d  
by a n n u a l  t e m p e r a t u r e s  r an g in g  from 22° t o  34°C, r e l a t i v e  
h u m i d i t i e s  between 73% and 80%, and a mean annual  r a i n f a l l  
o f  a p p r o x i m a t e l y  150 cm most of which o c cu rs  between J u l y  
and November (Goff, 1979) .  R e l a t i v e l y  c o n s t a n t  t r a d e  winds 
blow a c r o s s  Enewetak from t h e  n o r t h e a s t .  T ides  a r e  mixed 
s e m i d i u r n a l  w i t h  a mean t i d a l  range of  0 .8  m (Tracey and 
L add ,  1974) and  s p r i n g  t i d a l  r a n g e  o f  1 . 8  m (W hea tc ra f t  
and Buddemeier,  1981) .  Throughout most  of t h e  y e a r ,  ocean 
c u r r e n t s  i n  t h e  v i c i n i t y  of Enewetak come from t h e  e a s t .  
This  westward c u r r e n t ,  c a l l e d  t h e  "North E q u a t o r i a l  C u r r e n t " ,  
i s  c a u s e d  by t h e  p r e v a i l i n g  t r a d e  w in d s  (Emery e t  a l . , 
1 9 5 4 ,  p . 1 9 ) .  The p r e v a i l i n g  t r a d e  w in d s  a l s o  g e n e r a t e  
waves and  s w e l l s  t h a t  come from t h e  e a s t - n o r t h e a s t  du r ing  
most of t h e  y e a r  (Emery e t  a l . ,  1954,  p .  1 9 ) .
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F ig u re  2.
C r o s s - s e c t i o n  o f  Enewetak  A t o l l .  A l l  s t r a t a  above  t h e
v o l c a n i c  b a se m e n t  a r e  c a r b o n a t e s .  Adapted from Ladd and 
S ch langer  (1960).
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HYDROLOGY
W e l l  d a t a  c o n s i s t e n t l y  i n d i c a t e  t h a t  t h e  Enewetak 
A t o l l  i s  u n d e r l a i n  by an e x t r e m e l y  permeable  sequence of 
c a r b o n a t e s  (Buddemeier  and H o l laday ,  1977; Sw ar tz ,  1958) .  
M o n i t o r i n g  t i d a l  f l u c t u a t i o n s  i n  p i t s  and sha l low  w e l l s ,  
Buddemeier and H ol laday  (1977) and W h e a tc r a f t  and Buddemeier 
(1981) dem ons t ra ted  t h a t  Q u a te rna ry  l im e s to n e s  i n  t h e  upper 
7 6 .2  m o f  Engeb i  I s l a n d  (and Enewetak  A t o l l  as  a whole) 
a r e  ve ry  permeable  (F ig .  1 ) .  Engebi i s  t h e  l a r g e s t  i s l a n d  
i n  t h e  n o r t h e r n  p a r t  of  t h e  a t o l l ,  cov e r in g  a p p ro x im a te ly  
1 . 1  s q u a r e  k i l o m e t e r s  ( F i g .  1 ;  G o f f ,  1 9 7 9 ) .  On Engebi , 
Buddemeier and Hol laday  (1977) and w h e a t c r a f t  and Buddemeier 
(1981)  fo u n d  t h a t  s u b s u r f a c e  t r a n s m i s s i o n  of  t i d a l  f o r c e s  
t h r o u g h  Q u a te r n a r y  s t r a t a  i s  n o t  dependent  on t h e  l a t e r a l  
d i s t a n c e  o f  w e l l s  f rom  t h e  o c e a n ;  r a t h e r ,  t i d a l  f o r c e s  
a r e  a p p a r e n t l y  t r a n s m i t t e d  h o r i z o n t a l l y  th ro u gh  deep ,  permeable  
a q u i f e r s  and  t h e n  v e r t i c a l l y  up t h r o u g h  l e s s  p e r m e a b l e  
s t r a t a .  T h e r e fo r e ,  w i t h i n  Q u a te rn a ry  s t r a t a  below Engebi ,  
t h e  h o r i z o n t a l  p e r m e a b i l i t y  of some deep i n t e r v a l s  i s  enormous; 
however ,  v e r t i c a l  p e r m e a b i l i t i e s  a r e  g r e a t  enough t o  a l low 
t i d a l  s i g n a l s  t o  be t r a n s m i t t e d  v e r t i c a l l y  from d e e p e r ,  
e x t r e m e l y  permeable  i n t e r v a l s  i n s t e a d  of  be ing  t r a n s m i t t e d  
l a t e r a l l y  from t h e  ocean .
E x t e n s i v e  v e r t i c a l  mixing of  f r e s h  and m ar ine  w a te r s
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h a s  p r e v e n t e d  t h e  development  of l a r g e  f r e s h  w a te r  l e n s e s  
on Engebi and p r o b a b ly  o t h e r  Enewetak i s l a n d s  d u r in g  modern 
t im e s .  Most of t h e  g roundwate r  on Engebi (F ig .  1) i s  b r a c k i s h  
to  s a l i n e  (Buddemeier and H o l lad a y ,  1977; G off ,  1979, p .  3 9 ) .  
Minimum c h l o r i d e  c o n c e n t r a t i o n s  a r e  f o u n d  a t  t h e  t o p  of 
t h e  modern  w a t e r  t a b l e  n e a r  t h e  m idd le  of t h e  i s l a n d  and 
range from 500 -  1 ,000 ppm Cl" (Goff ,  1979, p .  39) . S a l i n i t i e s  
i n c r e a s e  r a p i d l y  w i th  d e p th  in  t h e  p h r e a t i c  zone.  At a p p ro x i ­
m a t e l y  9 m below t h e  w a te r  t a b l e  i n  t h e  m iddle  of Engebi ,  
g r o u n d w a t e r  i s  a p p r o x i m a t e l y  50% f r e s h  and 50% m a r in e  
(B uddem eie r  and H o l l a d a y ,  1 9 7 7 ) .  Mixing of  m e te o r i c  and 
m a r i n e  w a t e r s  i s  b a s i c a l l y  a v e r t i c a l  p r o c e s s  on Engebi 
because  of t h e  v e r t i c a l  t r a n s m i s s i o n  of  t h e  t i d a l  p r e s s u r e  
(W hea tc ra f t  and Buddemeier , 1981) .  Another  im p o r ta n t  o b s e r ­
v a t i o n  i s  t h a t  l o w e r  p e r m e a b i l i t y  s t r a t a  on E n geb i  a r e  
a b l e  t o  a t t e n u a t e  t i d a l  s i g n a l s  and  h e n c e  r e t a i n  l a r g e r  
f r e s h w a te r  i n v e n t o r i e s  t h a n  more permeable  s t r a t a  (Buddemeier 
and H o l lad a y ,  1977) .
O b s e rv a t io n s  i n v o lv i n g  t i d a l  f l u c t u a t i o n s  and t e m p e r a tu re  
p r o f i l e s  i n  t h e  d eep  E - l  and F - l  w e l l s  (see  F ig u r e  1 fo r  
l o c a t i o n s )  i n d i c a t e  t h a t  m a r i n e  w a t e r  c i r c u l a t e s  f r e e l y  
t h r o u g h  d eep  c a r b o n a t e  s t r a t a .  A f t e r  be ing  s o l i d l y  cased  
t o  a dep th  of 601 m, t h e  w a t e r - l e v e l  in  t h e  F - l  w e l l  f l u c t u a t e d  
i n  p h a s e  and  a t  t h e  same a m p l i t u d e  a s  t h e  a d j a c e n t  open 
o c e a n  ( S w a r t z ,  1 9 5 8 ,  p .  7 29 ;  F i g .  2 ) .  The E - l  w e l l  was 
c a s e d  s o l i d l y  t o  1 ,2 5 2  m. A f t e r  c a s i n g ,  t h e  w a te r  l e v e l
12
i n  t h a t  w e l l  f l u c t u a t e d  w i t h  a 2 . 5 4  cm am p l i tu de  a t  a 9 
1 /2  hour l a g  r e l a t i v e  t o  s u r f a c e  t i d e s  (Swartz ,  1958,  p .  729 
-  731) . T id a l  f l u c t u a t i o n s  in  t h e  F - l  w e l l  i n d i c a t e  t h a t  
Lower Miocene s t r a t a  p e n e t r a t e d  by t h i s  w e l l  a r e  e x t rem e ly  
p e r m e a b l e  and  a r e  i n  c l o s e  c o m m u n ic a t io n  w i t h  t h e  open  
o c e a n  w a t e r  o v e r  3 km away from t h e  w e l l  ( F i g . 2) . T ida l  
f l u c t u a t i o n s  i n  t h e  E - l  w e l l  s u g g e s t  t h a t  Upper Eocene 
s t r a t a  (1,250 m deep) a round t h e  E - l  w e l l  a r e  s i g n i f i c a n t l y  
l e s s  perm eable  th an  Lower Miocene s t r a t a  (580 m deep) s u r ­
r o u n d in g  t h e  F - l  w e l l .  However, t h e  f a c t  t h a t  t h e  deep 
E - l  s t r a t a  do " f e e l "  o c e a n ic  t i d e s  s u g g e s t s  some s i g n i f i c a n t  
communication of  t h o s e  deep s t r a t a  w i th  open o c e a n ic  w a t e r s .  
T e m p e r a tu r e  p r o f i l e s  f rom  t h e  E - l  and F - l  w e l l s  conf i rm  
t h a t  m ar ine  w a te r s  a r e  c i r c u l a t i n g  more f r e e l y  in  t h e  v i c i n i t y  
of  t h e  F - l  w e l l  t h a n  t h e  E - l  w e l l  (F ig .  3;  S w ar tz ,  1958) .
METHODS
To p r e v e n t  p o t e n t i a l  c o m p l e x i t i e s  a s s o c i a t e d  w i t h  
exposure  and a l t e r a t i o n  o f  o u t c r o p ,  su b s u r f a c e  (core)  m a t e r i a l  
was e x c l u s i v e l y  used i n  t h i s  s t u d y .  Samples from 3 sha l low  
w e l l s  ( l e s s  t h a n  80 m deep ;  XRI-1, XAR-1, and XEN-1; se e  
F i g u r e  1 f o r  l o c a t i o n s )  came from a c o l l e c t i o n  p ro cu re d  
by C.H. Moore and s t o r e d  a t  L o u i s i a n a  S t a t e  U n i v e r s i t y .  
Average sampling i n t e r v a l s  f o r  t h e  XRI-1, XAR-1, and XEN-1
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F ig u r e  3 .
D eg ree  o f  c a r b o n a t e  s a t u r a t i o n  f o r  P a c i f i c  o c e a n  w a t e r  
and t e m p e r a t u r e  p r o f i l e s  f o r  t h e  E - l  w e l l ,  F - l  w e l l ,  and 
P a c i f i c  ocean  w a te r .  At l e f t ,  s t r a t i g r a p h y  from t h e  Enewetak 
F - l  w e l l  w i t h  b a r s  i n d i c a t i n g  t h e  l o c a t i o n  of  c o r e s .  F - l  
w e l l  s t r a t i g r a p h y  m o d if ied  from Sch langer  (1963) .  Carbonate  
s a t u r a t i o n  c u r v e s  f rom L i  e t  a l . (1969) and  S c h o l l e  e t  
a l .  (1983) .  Tem pera ture  p r o f i l e s  from Swartz (1958) .
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w e l l s  w e re  1 . 2  t o  1 . 5  m. C o re s  f rom t h e  d e e p  Enewetak 
E - l ,  F - l ,  and K - l  w e l l s  (F ig .  1) a r e  s t o r e d  a t  t h e  U. S. 
N a t i o n a l  Museum i n  W a s h i n g t o n ,  D. C. and were sampled by 
t h e  a u th o r  (with  p e rm is s io n )  in  t h e  F a l l  of  1981.
The d e ep  E new etak  F - l  and E - l  w e l l s  p e n e t r a t e d  t h e  
e n t i r e  Cenozoic c a r b o n a t e  s e c t i o n  on Enewetak and en co u n te re d  
v o l c a n i c  basement rock  ove r  1 ,280 m below se a  l e v e l  (F ig s .  1 
and 4; Ladd and S c h la n g e r ,  1960) .  F i f t e e n  c o re s  of  c a r b o n a te  
r o c k  w e re  t a k e n  i n  t h e  F - l  w e l l ,  b u t  o n l y  3 c o r e s  were 
t a k e n  i n  t h e  c a r b o n a t e  s e c t i o n  o f  t h e  E - l  w e l l  (F ig .  4) . 
Each c o re  from t h e  E - l  and F - l  w e l l s  p e n e t r a t e d  an average  
of 6 m; however, a ve rag e  reco v e ry  was o n ly  2 .1  m. T h e re fo re ,  
on ly  30 m out  of a 1 ,27  8 m Miocene and Upper Eocene s e c t i o n  
was r e c o v e r e d  f rom  t h e  F - l  w e l l ,  and o n ly  7 .2  m of c o re  
was r e c o v e re d  from 1 ,067  m of  Miocene and Eocene c a r b o n a t e s  
i n  t h e  E - l  w e l l .
W h i l e  c o r e s  r e c o v e r e d  f rom  t h e  F - l  w e l l  r e p r e s e n t  
o n l y  a s m a l l  f r a c t i o n  o f  t h e  s t r a t i g r a p h i c  s e c t i o n ,  t h e  
c o re s  have a r e l a t i v e l y  even d i s t r i b u t i o n  th rough  t h e  Upper 
Eocene  and  Lower M iocene  s e c t i o n  ( F ig .  4 ) .  P e t r o g r a p h i c  
a n a l y s i s  o f  s a m p le s  shows t h a t  a d j a c e n t  c o re s  f r e q u e n t l y  
h a v e  v e r y  s i m i l a r  d e p o s i t i o n a l  and  d i a g e n e t i c  f e a t u r e s  
s u g g e s t i n g  t h a t  much o f  t h e  i n t e r v e n i n g ,  un c o re d  s t r a t a  
i s  s i m i l a r .  For  e x a m p le ,  c o r e s  3 t h r o u g h  6 between 375 
and 819 m in  t h e  F - l  w e l l  show very  s i m i l a r  d e p o s i t i o n a l  
and d i a g e n e t i c  t e x t u r e s .  L ikew ise ,  c o r e s  9 ,  10,  11 ,  and
16
F ig u re  4.
S t r a t i g r a p h y  o f  Upper Eocene t h r o u g h  Holocene c a r b o n a te s  
on E n ew e tak .  Tops o f  T e r t i a r y  b ,  and a  a r e  based  on 
l a r g e r  f o r a m i n i f e r a  ( C o le ,  1957) . Diagram m o d if ied  from 
Sch langer  (1963).
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p a r t  of  12 (1 ,114 -  1 ,317 m) a r e  ve ry  s i m i l a r .  T h e r e fo r e ,  
some g e n e r a l i z a t i o n s  can be made r e g a r d in g  l a r g e  p o r t i o n s  
o f  t h e  Lower Miocene and Upper Eocene s e c t i o n s  in  t h e  F - l  
w e l l .  The 3 c o r e s  f rom  t h e  E - l  w e l l  a r e  q u i t e  d i f f e r e n t  
from each o t h e r ;  t h e r e f o r e ,  l i t t l e  can be i n f e r r e d  r e g a r d in g  
i n t e r v e n i n g  u n c o r e d  s t r a t a .  The E - l  c o r e s  d o ,  however, 
p ro v id e  some v a lu a b le  compar isons  t o  p a r t s  of  t h e  F - l  s e c t i o n .
P e t r o g r a p h y ,  t r a c e  e le m e n ts ,  and s t a b l e  i s o t o p e s  were 
s y s t e m a t i c a l l y  used in  t h i s  s tu d y  t o  i d e n t i f y  and c h a r a c t e r i z e  
d i f f e r e n t  d i a g e n e t i c  p r o d u c t s .  I n i t i a l l y ,  a l l  s a m p le s  
w ere  ex am ined  u s i n g  s t a n d a r d  p e t ro g ra p h y  t o  n o te  p a t t e r n s  
o f  c e m e n t a t i o n ,  d i s s o l u t i o n ,  neomorphism, compaction,  and 
d o l o m i t i z a t i o n .  P e t ro g rap h y  se rved  a s  a gu ide  t o  t h e  d i a g e n e t i c  
components t h a t  cou ld  and sh o u ld  be examined in  l a t e r  geo­
c h e m ic a l  a n a l y s e s .  G eochem ica l  a n a l y s e s  w e re  p e r fo rm ed  
a l m o s t  e x c l u s i v e l y  on i n d i v i d u a l  t e x t u r a l  and d i a g e n e t i c  
components i n  o r d e r  t o  minimize  c o m p l e x i t i e s  and u n c e r t a i n t i e s  
i n t r o d u c e d  by m u l t i p l e  components p r e s e n t  i n  "whole rock" 
sam ples .  Trace e lem ent  and s t a b l e  i s o t o p e  d a t a  were system­
a t i c a l l y  c o l l e c t e d  f o r  s e v e r a l  t e x t u r a l  components of  i n t e r e s t  
i n c l u d i n g  cem ents ,  neomorphic s p a r ,  c o r a l l i n e  a l g a e ,  echinoderm 
f r a g m e n ts ,  and i n t e r n a l  s e d im en ts .
Trace  e lem ent  d a t a  were o b ta in e d  u s in g  e l e c t r o n  microprobe  
a n a l y s e s  and a tom ic  a b s o r p t i o n  sp e c t ro p h o to m e t ry .  Magnesium 
and s t r o n t iu m  c o n c e n t r a t i o n s  of  numerous d i a g e n e t i c  components 
w e re  d e t e r m i n e d  u s i n g  an ARL -  EMX e l e c t r o n  m ic r o p r o b e
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a t  L o u i s i a n a  S t a t e  U n i v e r s i t y .  Atomic a b s o r p t i o n  s p e c t r o ­
p h o t o m e t r y  was u se d  (1) t o  check  magnesium and s t r o n t iu m  
c o n c e n t r a t i o n s  d e t e r m i n e d  by m ic ro p ro b e  a n a l y s e s  and (2) 
t o  d e t e r m i n e  i r o n ,  m a n g a n e s e ,  and sod ium  c o n c e n t r a t i o n s  
of  a few s e l e c t e d  components which had s u f f i c i e n t  s e p a r a b l e  
m a t e r i a l  (more t h a n  0 .3  g r a m s ) .  A n a l y t i c a l  t e c h n i q u e s ,  
a cc u ra c y ,  and p r e c i s i o n  of  e le m en ta l  a n a l y s e s  a r e  d i s c u s s e d  
in  d e t a i l  in  Appendix.
Samples o f  d i a g e n e t i c  components used in  s t a b l e  carbon  
and oxygen  i s o t o p e  a n a l y s e s  w e re  s e p a r a t e d  by s c r a p i n g  
t h e  d e s i r e d  c o m p o n e n ts  o u t  o f  p o l i s h e d  s l a b s  and  t h i c k  
t h i n  s e c t i o n s  w i th  n e e d l e s  and m ic ro k n iv e s .  The r e s u l t i n g  
powder was t h e n  s e n t  t o  t h e  C o a s t a l  Sc ience  L a b o r a to r i e s  
i n  A u s t i n ,  T exas  f o r  e x t r a c t i o n  and m ass  s p e c t r o m e t r y .  
Accuracy and p r e c i s i o n  of  s t a b l e  carbon  and oxygen a n a l y s e s  
a r e  d i s c u s s e d  in  Appendix.
STRATIGRAPHY
A f t e r  t h e  e a r l y  1 9 5 0 ' s  d r i l l i n g  p r o g r a m ,  t h e  g r o s s  
s t r a t i g r a p h y  of  Enewetak A t o l l  was o u t l i n e d  by Cole (1957) ,  
Ladd and  S c h la n g e r  (196 0 ) ,  and Todd and Low (196 0 ) .  Cole 
(1957) and Todd and Low (196 0) r e c o g n ize d  c a r b o n a te  s t r a t a  
of  Upper E o c e n e ,  M io c en e ,  P l i o c e n e ,  and  P l e i s t o c e n e  age 
on t h e  b a s i s  of  f o r a m i n i f e r a  (F ig .  4 ) .
The i n c r e a s e d  d a t a  b a s e  p r o v i d e d  by EXPOE b o r i n g s
20
h as  a l l o w e d  a much more d e t a i l e d  s t r a t i g r a p h i c  e v a l u a t i o n  
o f  t h e  u p p e r  80 m o f  Q u a t e r n a r y  l i m e s t o n e  on E n ew e tak ,  
w i th  d i v i s i o n s  based  l a r g e l y  on s u b a e r i a l  exp o su re  s u r f a c e s .  
Each s u r f a c e  r e p r e s e n t s  a h i a t u s  i n  d e p o s i t i o n  when p r e v i o u s l y  
d e p o s i t e d  m a r i n e  s e d i m e n t s  em erged  abov e  s e a  l e v e l  and 
were exposed t o  s u b a e r i a l ,  u s u a l l y  m e te o r i c  p r o c e s s e s .
C r i t e r i a  f o r  r e c o g n i t i o n  o f  s u b a e r i a l  ex po su re  have 
u n d e r g o n e  e x t e n s i v e  e v o l u t i o n  o v e r  t h e  l a s t  35 y e a r s .  
Ladd,  T r a c e y ,  and L i l l  ( 1 9 4 8 ,  p .  52) i n i t i a l l y  su g g e s te d  
t h a t  l e a c h e d  zones  in  t h e  su b s u r f a c e  of B i k in i  A t o l l  formed 
d u r i n g  emergence and s u b a e r i a l  ex p o su re .  Sch langer  (1963) 
u se d  z o n e s  o f  l e a c h e d  a r a g o n i t e  and s p a r r y  c a l c i t e  cement 
t o  i d e n t i f y  2 P l e i s t o c e n e  u n c o n f o r m i t i e s  on E n ew e tak ,  
a t  d e p t h s  o f  21 -  32 m and 85 -  95 m in  t h e  E - l ,  F - l ,  
and K-l  w e l l s .  Using some of t h e  f i r s t  EXPOE c o r e s ,  Tracey 
and Ladd (1974) p r o p o s e d  a t h i r d  Enewetak  u n c o n f o r m i t y  
a t  w e l l  d e p th s  of  8 t o  12 m.
B e c a u se  o f  i n c r e a s e d  c o r e  r e c o v e r y ,  w o r k e r s  o f  t h e  
EXPOE d r i l l i n g  p r o j e c t  were a b l e  t o  r e c o g n iz e  5 s u b a e r i a l  
exposu re  s u r f a c e s  between w e l l  d e p th s  o f  0 and 76.2 m (Couch 
e t  a l . ,  1975; R i s t v e t  e t  a l . ,  1978; G o te r ,  1979) .  S u b a e r i a l  
e x p o s u r e  s u r f a c e s  i n  t h e  EXPOE w e l l s  w e r e  i d e n t i f i e d  on 
t h e  b a s i s  o f  p a l e o s o l s  ( t e r r a  r o s a ) , s o i l  a l t e r a t i o n  s t r u c t u r e s ,  
a b r u p t  i r r e g u l a r  t r u n c a t i o n s  o f  s t r a t a ,  a n d /o r  p rom inen t  
changes i n  m in e ra lo g y ,  chemical  c o m p o s i t io n ,  and cem en ta t io n  
in  a d j a c e n t  s t r a t a  (Couch e t  a l . ,  1975, p .  45) . U n f o r t u n a t e ly ,
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our  s a m p le s  f rom t h e  X R I-1 ,  XAR-1, and  XEN-1 w e l l s  a r e  
n o t  e x t e n s i v e  enough t o  r e - e v a l u a t e  t h e  l o c a t i o n  of  each 
s u b a e r i a l  exposu re  s u r f a c e  d e s c r i b e d  i n  Couch e t  a l .  (1975) . 
However, t h e  d i a g e n e t i c  p a t t e r n s  obse rved  i n  our samples 
a r e  g e n e r a l l y  c o n s i s t e n t  w i t h  t h e  l o c a t i o n  o f  e x p o s u r e  
s u r f a c e s  a s  p roposed  by Couch e t  a l .  (1975) .
The 5 e x p o s u r e  s u r f a c e s  (0 -  80 m d e ep )  r e c o g n iz e d  
i n  t h e  EXPOE b o r i n g s  hav e  b e en  t r a c e d  from c o re  t o  c o re  
and i s l a n d  t o  i s l a n d  a c r o s s  Enewetak A t o l l  (Couch e t  a l . ,  
1975) . P r e s u m a b ly  e a c h  e x p o s u r e  s u r f a c e  fo rm ed  d u r i n g  
low s t a n d s  of  s e a  l e v e l  a s s o c i a t e d  w i th  g l a c i a t i o n .  During 
i n t e r g l a c i a l  t i m e s ,  s e a  l e v e l  would r i s e  and d e p o s i t  new 
sequences  of c a r b o n a t e  sed im en t  on t o p  o f  t h e  a t o l l .  Goter 
(1979) c o r r e l a t e d  t h e  f i v e  u n c o n fo r m i t i e s  w i th  t h e  t e r m i n a t i o n s  
o f  t h e  l a s t  5 i n t e r g l a c i a l  s t a g e s  whose ages  were i n f e r r e d  
from i s o t o p i c  c h r o n o s t r a t i g r a p h y  o f  d e e p  s e a  c o re s  from 
t h e  Western P a c i f i c  (S hack le to n  and Opdyde, 1976; F ig .  5 ) .
D e p o s i t io n a l  F a c ie s  in  Q u a te rn a ry  s t r a t a
D e s c r i p t i o n s  and f a c i e s  i n t e r p r e t a t i o n s  of  t h e  XRI-1, 
XAR-1, and XEN-1 c o r e s  by Couch e t  a l . (1975) a r e  shown 
i n  F i g u r e s  6 and 7 .  In  a d d i t i o n ,  a l l  s a m p le s  ex am ined  
a s  a p a r t  o f  t h i s  s t u d y  w ere  d e s c r i b e d  p e t r o g r a p h i c a l l y  
and i n  hand s a m p le  by t h e  a u th o r  (F ig s .  6 and 7) . Couch 
e t  a l . (1975) p r o v i d e d  a g e n e r a l  d e s c r i p t i o n  o f  5 -  10
22
F ig u re  5.
S t r a t i g r a p h y  of Q u a te rn a ry  l im e s t o n e s  of  t h e  XRI-1, XAR-1, 
and XEN-1 w e l l s  based  on s u b a e r i a l  exposu re  s u r f a c e s  (uncon­
f o r m i t i e s )  . M o d i f i e d  f rom  Couch e t  a l .  (1075) and Goter  
(1979) .
QUATERNARY STRATIGRAPHY
XRI-1 XAR-1 XEN-1
ft m
-10
- 5 0 -
-20
- 100 - -  -30
-150
-50
- 2 0 0 - '  ‘60
-70
- 250 -
-80
-90
- 300 -
Glacia l
Average Terminations,
Package Unconformity Depth vears BP*
I 13,000 BP
A 12 m (40 f t )
II 128,000 BP
B 24 m (80 f t )
I I I 347,000 BP
C 38 m (125 f t )
IV 440,000 BP
D 49 m (163 f t )
V 502 ,000 BP
E 68 m (225 f t )
VI 592 ,000 BP
* from Shackleton and Opdyke (1976)
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F ig u re  6 .
D e p o s i t i o n a l  f a c i e s  model f o r  Q u a te rn a ry  s t r a t a  on Enewetak 
( l e f t )  and d e p o s i t i o n a l  t e x t u r e s  of  t h e  XEN-1 w e l l  ( r i g h t ) . 
D e p o s i t io n a l  f a c i e s  model i s  m o d i f ied  from Couch e t  a l .  (1975) . 
Dots in  diagram on r i g h t  i n d i c a t e  t e x t u r e s  p r e s e n t  i n  samples 
examined i n  t h i s  s t u d y .  L ines  i n d i c a t e  t e x t u r a l  d e s c r i p t i o n s  
and  f a c i e s  i n t e r p r e t a t i o n s  o f  t h e  XEN-1 w e l l  from Couch 
e t  a l .  (1975) .
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F ig u re  7.
D e p o s i t io n a l  t e x t u r e s  and env ironm en ts  in  Q ua te rn a ry  s t r a t a  
of  t h e  XRI-1 and XAR-1 w e l l s .  See F i g u r e  6 f o r  Legend 
and D e p o s i t io n a l  Model. See F ig u r e  5 f o r  P l e i s t o c e n e  s t r a t i ­
g ra p h y  o f  t h e  w e l l s .  D o ts  i n d i c a t e  t e x t u r e s  p r e s e n t  in  
s a m p le s  examined as  a p a r t  of t h i s  s t u d y .  L ines  i n d i c a t e  
t e x t u r a l  d e s c r i p t i o n s  and f a c i e s  i n t e r p r e t a t i o n s  from Couch 
e t  a l .  (1975) .
XRI-1 WELL
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XAR-1 WELL
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m i n t e r v a l s .  The a u t h o r ,  however, d e s c r i b e d  s m a l l e r  samples 
( l e s s  t h a n  30 cm l o n g ) , which may acco u n t  f o r  many i n c o n s i s ­
t e n c i e s  b e tw e e n  t h e  two s t u d i e s .  V i r t u a l l y  every  sample 
examined in  t h i s  s tu d y  was an a ly ze d  in  t h i n  s e c t i o n .  Thin 
s e c t i o n  a n a l y s e s  o f  c a r b o n a t e  t e x t u r e s  a r e  more a c c u r a t e  
in  t h e  r e c o g n i t i o n  of  mud and in  de te rm in in g  " g r a i n - s u p p o r t "  
t h a n  t h e  e x a m in a t io n s  o f  s l a b b ed  c o r e s .  Most d e s c r i p t i o n s  
of  Couch e t  a l .  (1975) a r e  based  on ex am in a t io n  of s lab bed  
c o r e s .  Couch e t  a l .  (1975, p .  45) n o ted  a good c o r r e l a t i o n  
b e tw e e n  s u b s u r f a c e  and s u r f a c e  f a c i e s  and concluded t h a t  
t h e r e  has  been l i t t l e  l a t e r a l  s h i f t i n g  o f  r e e f  and a s s o c i a t e d  
env ironm en ts  d u r in g  d e p o s i t i o n  of  t h e  upper 90 m of Q ua te rnary  
s t r a t a .
With on ly  a few e x c e p t i o n s ,  Couch e t  a l .  (1975) d e s c r i b e d  
t h e  X R I - 1 , XAR-1, and  u p p e r  40 m o f  t h e  XEN-1 w e l l s  as  
b i o c l a s t i c  p a c k s t o n e s  and g r a i n s t o n e s  ( F i g s .  6 and 7 ) .  
Most of t h e s e  b i o c l a s t i c  p a c k s to n e s  and g r a i n s t o n e s  c o n ta in  
i n t e r b e d d e d  c o r a l l i n e  b o u n d s t o n e s  o r  i n t e r b e d d e d  c o r a l  
and c o r a l l i n e  a l g a e  c l a s t s  (F ig s .  6 and 7 ) .  Goter  (1979) 
su g g e s te d  t h a t  b i o c l a s t i c  sa n d s  in te r b e d d e d  w i th  bounds tones  
a r e  t h e  r e s u l t  of  p a tc h  r e e f s  growing in  a r e a s  w i th  sandy 
b o t to m s ,  and c o n s id e r e d  b i o c l a s t i c  sands  w i th  some i n  s i t u  
c o r a l  and c o r a l l i n e  a l g a e  t o  be t y p i c a l  of b a c k - r e e f  d e p o s i ­
t i o n a l  e n v i r o n m e n t s  ( F i g .  6 ) .  I n  c o n t r a s t ,  b i o c l a s t i c  
sands  c o n ta in i n g  a lm os t  no i n  s i t u  c o r a l  o r  c o r a l l i n e  a l g a e  
a r e  c o n s id e r e d  t o  be t y p i c a l  of  m arg in a l  l a g o o n a l  env ironm ents
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( F i g .  6 ) .  T h e r e f o r e ,  most of t h e  se d im e n ts  i n  t h e  XRI-1, 
XAR-1, and u p p e r  XEN-1 w e l l s  w e re  p r o b a b l y  d e p o s i t e d  in  
b a c k - r e e f  or  m arg in a l  l a g o o n a l  env ironm en ts .
D e p o s i t i o n a l  F a c i e s  o f  Lower Miocene 
and Upper Eocene S t r a t a
Lower Miocene and Upper Eocene s t r a t a  i n  t h e  F - l  w e l l  
have been d iv id e d  i n t o  2 d i s t i n c t  l i t h o l o g i c  g ro u p s .  Lower 
Miocene  s t r a t a  be tw een  366 and 853 m in  t h e  F - l  w e l l  a r e  
p r i m a r i l y  b o u n d s t o n e s  and r e e f - r e l a t e d  g r a i n s t o n e s  formed 
in  o r  a d j a c e n t  t o  a r e e f  (S c h la n g e r ,  1963; F ig .  8) . Upper 
Eocene  s t r a t a  b e tw e e n  853 and 1 ,4 0 0  m i n  t h e  F - l  w e l l  
i n c l u d e  w a c k e s to n e s ,  p a c k s t o n e s ,  and g r a i n s t o n e s  d e p o s i t e d  
m ain ly  in  f o r e - r e e f  and s lo p e  env iro n m en ts  (F ig .  8; S c h la n g e r ,  
1963) . C l i o n i d  g a l l e r i e s  a r e  common in  c o r e s  3 - 6  (375 
-  819 m; F ig .  8 ) .  The c o a r s e  n a t u r e  of t h e  sa n d s ,  abundance 
of C l io n i d  g a l l e r i e s ,  and t h e  p re s e n c e  of s i g n i f i c a n t  amounts 
o f  in. s i t u  c o r a l  and  c o r a l l i n e  a l g a e  i n d i c a t e  d e p o s i t i o n  
o f  Lower M iocene  s t r a t a  o f  t h e  F - l  w e l l  i n  h i g h  e n e rg y  
w a te r s  n e a r  a r e e f  a t  t h e  seaward margin  of  t h e  a t o l l  (F ig .  9) . 
The p r e s e n c e  o f  many p l a n k t o n i c  f o r a m i n i f e r a  i n  c o r e  6 
(811 -  819 m) s u g g e s t s  d e p o s i t i o n  in  d e ep e r  more seaward 
r e e f s ;  whereas  t h e  p r e s e n c e  of  s i g n i f i c a n t  amounts of  m i l i o l i d  
f o r a m i n i f e r a  i n  c o r e  3 (375 -  380 m) s u g g e s t s  d e p o s i t i o n
i n  t h e  more l a g o o n w a r d  p a r t s  of  a r e e f  complex (Todd and
30
F ig u re  8.
D e p o s i t i o n a l  t e x t u r e s  o f  t h e  E - l  and F - l  w e l l s .  S o l i d  
l i n e  i n d i c a t e s  t h e  dominant  t e x t u r e .  Dashed l i n e s  i n d i c a t e  
s u b o r d i n a t e  t e x t u r e s .  See F ig u re  9 f o r  d e p o s i t i o n a l  model 
of  E - l  and F - l  w e l l .
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F ig u re  9 .
D e p o s i t i o n a l  model f o r  Cenozoic c a r b o n a t e s  in  t h e  E - l  and 
F - l  w e l l s .  D e p o s i t i o n a l  f a c i e s  show p r i m a r i l y  v e r t i c a l  
g r o w t h .  A l a r g e - s c a l e  p r o g r a d a t i o n  of  f a c i e s  i s  p r e s e n t  
i n  t h e  F - l  w e l l  and p ro b a b ly  in  t h e  E - l  w e l l .  Note t h a t  
a lm os t  a l l  c a r b o n a t e  s t r a t a  in  t h e  E - l  w e l l  were a p p a r e n t l y  
d e p o s i t e d  i n  s h a l l o w  a t o l l - t o p  e n v i r o n m e n t s .  However in  
t h e  F - l  w e l l ,  most Upper Eocene s t r a t a  and lower p o r t i o n s  
o f  Lower Miocene s t r a t a  were p ro b a b ly  d e p o s i t e d  in  deeper  
m ar ine  w a t e r s .
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Low, 1960; S c h la n g e r ,  1963) .
Between 93 0 and  1388 m i n  t h e  F - l  w e l l ,  c o re s  7 and 
9 - 1 5  i n c l u d e  w a c k e s t o n e s ,  p a c k s t o n e s ,  and g r a i n s t o n e s  
( F i g .  8) . C ore  8 was n o t  a v a i l a b l e  f o r  s a m p l in g .  Core 
7 i s  a b i o c l a s t i c  wackes tone  w i th  l a r g e  r o t a l i n e  f o r a m i n i f e r a  
and  a b u n d a n t  g l o b i g e r i n i d s  w h ich  s u g g e s t  d e p o s i t i o n  i n  
o v e r  180 m of  w a t e r  (Todd and  Low, 1960) . Cores 9 - 1 1  
and t h e  upper p a r t  of  12 a r e  p r i m a r i l y  g r a i n s t o n e s  composed 
dom inan t ly  of f r e e - l i v i n g  r o t a l i n e  f o r a m i n i f e r a  and f ragm en ts  
o f  c o r a l l i n e  a l g a e  w i th  a few l a r g e  c l a s t s  of  boundstones  
and  w e l l - c e m e n t e d  g r a i n s t o n e s .  P a l e o n t o l o g i c  e v i d e n c e ,  
a s  w e l l  as  t e x t u r a l  e v id e n c e ,  s u g g e s t s  d e p o s i t i o n  of  t h e s e  
s t r a t a  in  f o r e - r e e f  and s lo p e  env iro n m en ts  ove r  180 m deep 
(Todd and Low, 1960; S c h la n g e r ,  1963) .  Most of t h e  l a r g e r  
f o r a m i n i f e r a ,  c o r a l ,  and c o r a l l i n e  a l g a e  w ere  p r o b a b l y  
d e r iv e d  from r e e f  and sh a l lo w  a t o l l - t o p  env iro n m en ts  (Fig .  9) .
Between 1 ,320  and 1 ,388 m in  t h e  F - l  w e l l ,  t h e  lower 
p a r t s  of  c o re  12 and c o r e s  13 -  15 a r e  composed p redo m in an t ly  
of b i o c l a s t i c  p a c k s t o n e s  (F ig .  8) . C arbonate  mud i s  s i g n i f i ­
c a n t l y  more a b u n d a n t  in  t h e s e  c o r e s  t h a n  i n  c o re s  9 - 1 1  
and t h e  upper p a r t  of  12. Large c l a s t s  o f  c o r a l  and boundstones  
a r e  p r e s e n t ,  e s p e c i a l l y  in  c o r e  15 (F ig .  4 ) .  P a l e o n t o l o g i c  
and  t e x t u r a l  e v id e n c e  s u g g e s t s  t h a t  t h e s e  ro cks  were a l s o  
d e p o s i t e d  i n  f o r e - r e e f  and s l o p e  e n v i r o n m e n t s  ( F i g .  9 ;  
Todd and Low, 196 0; S c h la n g e r ,  1963) .
Only t h r e e  c o r e s  w e r e  t a k e n  i n  t h e  E - l  w e l l .  Core
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1 (610 -  618 m d e e p  i n  t h e  E - l  w e l l )  c o n s i s t s  m ain ly  of 
b i o c l a s t i c  g r a i n s t o n e s  i n c l u d i n g  c o r a l l i n e  a l g a e ,  f o r a m i n i f e r a ,  
and  m o l l u s c s  ( F i g .  8 ) .  The p r e s e n c e  o f  many pe lecy p od s  
an d  m i l i o l i d  f o r a m i n i f e r a  s u g g e s t s  d e p o s i t i o n  o f  t h e s e  
s a n d s  i n  s h a l l o w  w a t e r  i n  o r  n e a r  a l a g o o n  ( S c h l a n g e r ,  
1 963) .  Core 2 (845 -  855 m) i n c l u d e s  b i o c l a s t i c  g r a i n s t o n e s  
a s  w e l l  as w ackes ton es  and p a c k s to n e s .  As in  c o re  1 ,  t h e  
a b u n d a n c e  o f  p e l e c y p o d s  and  m i l i o l i d s  i n  c o re  2 s u g g e s t s  
d e p o s i t i o n  i n  a l a g o o n a l  e n v i r o n m e n t .  Core  3 (1 ,2 4 3  -  
1 ,250  m in  E - l  w e l l )  i s  p r i m a r i l y  a boundstone  c o n s i s t i n g  
o f  c o r a l  and muddy i n t e r n a l  s e d i m e n t s .  C o r a l l i n e  a l g a e  
and  m o l l u s c s  a r e  a l s o  common. E v id e n c e  i n d i c a t e s  t h a t  
c o re  3 was d e p o s i t e d  i n  a sha l low  r e e f a l  environment  (Sch langer ,  
1963) .
D e p o s i t io n  in  most of t h e  E - l  w e l l  a p p ea rs  t o  be sha l low  
m ar in e ,  su g g e s t i n g  t h a t  t h e  l o c a t i o n  of  t h e  E - l  w e l l  remained 
h igh  and on t o p  of  t h e  a t o l l  from L a te  Eocene t o  t h e  p r e s e n t  
(S c h la n g e r ,  1963; F i g .  9 ) .  In  c o n t r a s t ,  most of  t h e  Upper 
Eocene of t h e  F - l  w e l l  c o n s i s t s  o f  deep m ar ine  s t r a t a  which 
p ro g rad ed  o u t  i n t o  t h e  open ocean  (F ig .  9 ) .  During Miocene, 
P l i o c e n e ,  and Q u a te rn a ry  t im e s ,  t h e  slow seaward p r o g r a d a t i o n  
o f  t h e  a t o l l  c o n t in u e d  w i th  r e e f  and r e e f  w a l l  d e p o s i t i o n  
p a s s i n g  upward  i n t o  b a c k - r e e f  d e p o s i t i o n  in  t h e  F - l  w e l l  
(F ig .  9) .
GENERAL JP.IAGENg.TIC ... PATTERNS
The t h r e e  m ain  d i a g e n e t i c  p r o c e s s e s  w h ich  o p e r a t e  
in  t h e  s u b s u r f a c e  of Enewetak a r e :  c e m e n ta t io n ,  d i s s o l u t i o n ,  
and c o n v e r s io n  of  m e t a s t a b l e  g r a i n s  t o  low-magnesian c a l c i t e  
(LMC). C o m p ac t ion  and  d o l o m i t i z a t i o n  a r e  a l s o  p r e s e n t  
in  some a r e a s .  These d i a g e n e t i c  p r o c e s s e s  v a ry  in  i n t e n s i t y  
in  t h e  Cenozo ic  s t r a t a  on Enewetak. They w i l l  be b r i e f l y  
o u t l i n e d  in  t h i s  s e c t i o n  and d i s c u s s e d  i n  d e t a i l  in  f o l lo w in g  
s e c t i o n s .
i ig lpge.n.e
D i a g e n e t i c  a l t e r a t i o n  o f  H o lo c e n e  s e d i m e n t s  i n  che 
X R I-1 ,  XAR-1, and XEN-1 w e l l s  i s  m in o r  (F ig s .  10 -  1 2 ) .  
Only one  H o lo c e n e  s a m p le  ( a t  a d e p th  of 1 .5  m in  XAR-1) 
sh o w s  s i g n i f i c a n t  d i s s o l u t i o n  o r  d i a g e n e t i c  a l t e r a t i o n  
o f  g r a i n s .  Cements  g row ing  on p r e - e x i s t i n g  g r a i n s  a r e  
ve ry  minor in  Holocene s t r a t a  of t h o s e  t h r e e  w e l l s  (F ig s .  10 
-  12) . Some H o lo c e n e  b o u n d s to n e s  do c o n ta in  b o r in g s  and 
p e l l e t e d  i n t e r n a l  s e d im e n ts .  Based on exam in a t io n  of  s lab bed  
c o r e  m a t e r i a l ,  Couch e t  a l .  (1975) e s t im a t e d  t h e  p o r o s i t y  
of  most Holocene s t r a t a  a t  20% -  40%.
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F ig u r e  10.
D ia g e n e t i c  a l t e r a t i o n  i n  XRI-1 w e l l .  Dots a t  t h e  f a r  l e f t  
r e p r e s e n t  sample l o c a t i o n s .  A b b r e v ia t io n s  f o r  cement t y p e s  
a r e  shown a t  bot tom. Many cement t y p e s  comprise  l e s s  th an  
1% o f  ro c k  s a m p le .  Amounts o f  d i a g e n e t i c  a l t e r a t i o n  and 
c e m e n ta t io n  a r e  based  on v i s u a l  e s t i m a t e s  u s in g  comparison 
d iagrams in  S c h o l l e  (1978) .  Spot checks of  v i s u a l  e s t i m a t e s  
w e re  made by p o i n t - c o u n t i n g  t h i n - s e c t i o n s  (300 p o i n t s ) .  
Whole rock  m in e ra lo gy  was e s t i m a t e d  from p e t r o g r a p h i c  d a t a .  
E s t im a te s  o f  % a r a g o n i t e  a r e  based  on p e t r o g r a p h i c  r e c o g n i z a t i o n  
of  a r a g o n i t i c  f o s s i l s  and cement.  When p o s s i b l e ,  i d e n t i f i c a t i o n  
o f  a r a g o n i t e  g r a i n s  and cements was confi rmed by e l e c t r o n  
m i c r o p r o b e  a n a l y s e s  f o r  s t r o n t i u m .  E l e c t r o n  m ic ro p ro b e  
a n a l y s e s  w e r e  u se d  t o  d i s c r i m i n a t e  b e tw e e n  HMC and LMC. 
M i n e r a l o g i c  a n a l y s e s  of  Goter  (1979) by X-ray d i f f r a c t i o n  
y i e l d  r e s u l t s  s i m i l a r  t o  e s t i m a t e s  o f  m in e ra l  com pos i t ion  
i n  t h i s  s t u d y .  The u p p e rm o s t  s u b a e r i a l  exposu re  s u r f a c e  
(17m) s e p a r a t e s  Holocene from P l e i s t o c e n e  s t r a t a .
DIAGENETIC ALTERATION IN XRI-1 WELL
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F ig u r e  11.
D i a g e n e t i c  a l t e r a t i o n  i n  XAR-1 w e l l .  D o ts  a t  f a r  l e f t  
r e p r e s e n t  sample  l o c a t i o n s .  A b b r e v ia t io n s  f o r  cement ty p e s  
a r e  shown a t  b o t t o m .  Amounts o f  d i a g e n e t i c  a l t e r a t i o n  
and c e m e n ta t io n  a r e  based  on v i s u a l  e s t i m a t e s  u s ing  comparison 
d iagrams in  S c h o l l e  (197 8 ) .  Spot checks  of  v i s u a l  e s t i m a t e s  
w e re  made by p o i n t - c o u n t i n g  t h i n - s e c t i o n s  (300 p o i n t s ) .  
Whole rock  m in e ra lo gy  was e s t i m a t e d  from p e t r o g r a p h i c  d a t a .  
E s t i m a t e s  o f  % a r a g o n i t e  a r e  b a s e d  on v i s u a l  e s t i m a t e s  
o f  a r a g o n i t i c  f o s s i l s  and cem ents .  When p o s s i b l e ,  i d e n t i ­
f i c a t i o n s  o f  a r a g o n i t i c  g r a i n s  and cements  was confirmed 
by e l e c t r o n  m i c r o p r o b e  a n a l y s e s  f o r  s t r o n t i u m .  E le c t r o n  
m i c r o p r o b e  a n a l y s e s  were  used t o  d i s c r i m i n a t e  between HMC 
and LMC. M i n e r a l o g i c  a n a l y s e s  o f  G o te r  (1979) by X-ray 
d i f f r a c t i o n  y i e l d  r e s u l t s  s i m i l a r  t o  m in e r a lo g i c  e s t i m a t e s  
i n  t h i s  s t u d y .  The u p p e rm o s t  s u b a e r i a l  exp o su re  s u r f a c e  
(14m) s e p a r a t e s  Holocene from P l e i s t o c e n e  s t r a t a .
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DIAGENETIC ALTERATION IN XAR-1 WELL
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F ig u re  12.
D i a g e n e t i c  a l t e r a t i o n  i n  XEN-1 w e l l .  D o ts  a t  f a r  l e f t  
r e p r e s e n t  sample l o c a t i o n s .  A b b r e v ia t io n s  f o r  cement ty p e s  
a r e  shown a t  b o t t o m .  Amounts o f  d i a g e n e t i c  a l t e r a t i o n  
and c e m e n ta t io n  a r e  based  on v i s u a l  e s t i m a t e s  u s in g  comparison 
d iagrams in  S c h o l l e  (1978) .  Spot checks of  v i s u a l  e s t i m a t e s  
w ere  made by p o i n t - c o u n t i n g  t h i n - s e c t i o n s  (300 p o i n t s ) .  
Whole rock  m in e ra lo g y  was e s t im a t e d  from p e t r o g r a p h i c  d a t a .  
E s t i m a t e s  o f  % a r a g o n i t e  a r e  b a s e d  on v i s u a l  e s t i m a t e s  
o f  a r a g o n i t i c  f o s s i l s  and cements .  When p o s s i b l e ,  i d e n t i ­
f i c a t i o n  o f  a r a g o n i t i c  g r a i n s  and  c e m e n t s  was confi rmed 
by e l e c t r o n  m i c r o p r o b e  a n a l y s e s  f o r  s t r o n t i u m .  E le c t r o n  
m i c r o p r o b e  a n a l y s e s  were  used t o  d i s c r i m i n a t e  between HMC 
and LMC. M i n e r a l o g i c  a n a l y s e s  o f  G o te r  (1979) by X-ray 
d i f f r a c t i o n  y i e l d  r e s u l t s  s i m i l a r  t o  m in e r a l o g i c  e s t i m a t e s  
i n  t h i s  s t u d y .  The uppermost  ex po su re  s u r f a c e  (10m) s e p a r a t e s  
Holocene from P l e i s t o c e n e  s t r a t a .
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DIAGENETIC ALTERATION IN XEN-1 WELL
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P l e i s t o c e n e  s t r a t a  i n  t h e  X R I-1 ,  XAR-1, and XEN-1 
w e l l s  h a v e  v e r y  p a t c h y  d i a g e n e t i c  a l t e r a t i o n  ( F i g s .  10 
-  1 2 ) .  D i s s o l u t i o n  and c em en ta t io n  a r e  w id e ly  d i s t r i b u t e d  
between d e p th s  o f  10 and 80 m. V o l u m e t r i c a l l y ,  d i s s o l u t i o n  
i s  t h e  d o m in a n t  d i a g e n e t i c  p r o c e s s ,  a l th o u g h  c em en ta t io n  
can  be l o c a l l y  i m p o r t a n t  ( F i g s .  10 -  1 2 ) .  R a r e l y  d o e s  
cement in  t h e s e  s t r a t a  exceed 20% of  a g iv e n  rock .
D i s s o l u t i o n  i n  P l e i s t o c e n e  s t r a t a  i n c l u d e s  bo th  f a b r i c  
s e l e c t i v e  and i r r e g u l a r  ( n o n - f a b r i c  s e l e c t i v e )  d i s s o l u t i o n .  
I r r e g u l a r  ( n o n - f a b r i c  s e l e c t i v e )  d i s s o l u t i o n  i s  e s p e c i a l l y  
common i m m e d i a t e l y  be low e x p o s u r e  s u r f a c e s  ( F i g s .  10 -  
1 2 ) .  A ra g o n i te  a l t e r a t i o n  i s  q u i t e  v a r i a b l e  ( S a i l e r ,  1982) .  
In  some s t r a t a ,  a r a g o n i t e  i s  v i r t u a l l y  u n a l t e r e d ,  w hi le  
i n  o t h e r  s t r a t a ,  v i r t u a l l y  a l l  a r a g o n i t e  has  been e i t h e r  
d i s s o l v e d  o r  c o n v e r t e d  t o  s p a r r y  c a l c i t e .  P o r o s i t y  in  
P l e i s t o c e n e  s t r a t a  r e c o v e re d  by t h e  EXPOE d r i l l i n g  p r o j e c t  
i s  g e n e r a l l y  e s t i m a t e d  a t  a p p ro x im a te ly  20 % by Couch e t  
a l .  (1975) .
Lower Miocene; F - l  w e l l
Sam ples  f rom Lower M iocene s t r a t a  o f  t h e  F - l  w e l l  
a r e  u s u a l l y  w e l l  c e m e n te d  and  show p e r v a s i v e  d i a g e n e t i c  
a l t e r a t i o n .  Cem ents  a r e  ve ry  ab u n dan t ,  o b l i t e r a t i n g  much 
pr im ary  and secondary  p o r o s i t y  (F ig .  1 3 ) .  F a b r i c  s e l e c t i v e
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F ig u re  13.
D i a g e n e t i c  a l t e r a t i o n  i n  F - l  w e l l .  Column a t  l e f t  shows 
c o re  l o c a t i o n s  and approx im ate  bu lk  m in e r a l o g i e s  from Sch langer  
(1963) . Amounts o f  d i s s o l u t i o n ,  c e m e n ta t io n ,  and d o lo m i t i z a t i o n  
a r e  b a s e d  on v i s u a l  e s t i m a t e s  u s i n g  c o m p a r i s o n  diagrams 
in  S c h o l le  (1978) .  Note,  d i s s o l u t i o n  in  Upper Eocene s t r a t a  
i s  o f t e n  d i f f i c u l t  t o  e s t i m a t e  because  a r a g o n i t e  can d i s s o l v e  
w i th o u t  a t r a c e .
DIAGENETIC ALTERATION IN F-1 WELL
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d i s s o l u t i o n  o f  a r a g o n i t e  i s  p e r v a s i v e .  Many a r a g o n i t e  
m olds  have  b e en  r e f i l l e d  w i t h  c e m e n t .  I n t e r n a l  s e d im en ts  
a r e  a l s o  v e r y  common i n  t h e s e  s t r a t a .  In  F - l  c o r e s  3 -  
6 (375 -  819 m ) , m e a s u re d  p o r o s i t i e s  v a r y  from 5.8% in  
w e l l - c e m e n te d  i n t e r v a l s  t o  33.9% in  p o o r ly  cemented s t r a t a  
( T a b le  1;  S w a r t z ,  1 9 6 2 ) .  A ve rag e  m e a s u r e d  p o r o s i t y  i s  
13.7%.
Up.P-ec...Epcene ; . .F- l . M s l l
Except in  zones  of i n t e n s e  d o l o m i t i z a t i o n ,  c em en ta t ion  
and p r o b a b l y  d i s s o l u t i o n  a r e  minor i n  Upper Eocene s t r a t a  
of  t h e  F - l  w e l l  ( F i g .  1 3 ) .  C l a s t s  c o n t a i n i n g  a b u n d a n t  
cement can o f t e n  be found i n  t h i s  i n t e r v a l ;  however , a u to c h ­
t h o n o u s  c a l c i t e  c e m e n t s  a r e  r e s t r i c t e d  t o  m inor  f i b r o u s  
c e m e n t s  and e c h i n o d e r m  o v e r g r o w t h s .  A r a g o n i t e  has  been 
s e l e c t i v e l y  d i s s o l v e d .  U n f o r t u n a t e ly ,  molds of  t h e  o r i g i n a l  
a r a g o n i t e  g r a i n s  a r e  o f t e n  n o t  p r e s e n t  so  t h e  amount of 
a r a g o n i t e  o r i g i n a l l y  p r e s e n t ,  and s u b s e q u e n t ly  d i s s o l v e d ,  
i s  i m p o s s i b l e  t o  e s t i m a t e .  C o m p a c t io n - r e la te d  f r a c t u r i n g  
and p r e s s u r e  s o l u t i o n  a r e  ve ry  common in  Upper Eocene g r a i n ­
s t o n e s  of  t h e  F - l  w e l l .  D o l o m i t i z a t i o n  i s  p r e s e n t  i n  c o re s
11 -  15 ( 1 ,2 7 9  -  1 ,3 88  m)and i s  abundant  in  c o r e s  11 and
12 (1 ,279 -  1 ,323 m). Measured p o r o s i t y  i s  ve ry  h igh  (over  
30%) in  u n do lo m i t iz ed  and p a r t i a l l y  d o lo m i t i z e d  g r a i n s t o n e s  
(T a b le  1) . P o r o s i t y  o f  a c o m p l e t e l y  d o l o m i t i z e d  sample 
i s  on ly  10% (Table  1;  S w ar tz ,  1962) .
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WELL
E-l
F-l
Note:
TABLE 1
POROSITY AND PERMEABILITY 
OF DEEP ENEWETAK SAMPLES 
(E-l and F-l Wells)
CORE-SAMPLE DEPTH (m) POROSITY (%) PERMEABILITY
(millidarcies)
1 611 - 618 47.6 454
1 - 1 3 611 - 618 56.3
2 854 - 856 28.7 619
3 (5" above 
base of 
core) 1,24? 1,250 11.7 5.9
3 (6" above 
base of 
core) 1,243 1,250 15.0 0.16
3 - 2 1 1,243 - 1,250 16.6
1 - 1 52 - 58 43.0 249
3 - 5 376 - 380 12.1 2.0
3 - 6 376 - 380 18.8
4 - 1 524 - 530 33.9
4 - 6 524 - 530 9.9 156
5 - 4 603 - 611 7.4 0.006
5 - 4 603 - 611 5.8
6 - 2 811 - 819 13.7
6 - 2 0 811 - 819 7.6 0.011
9 - 3 1,114 - 1,117 35.9 473
1 0 - 6 1,208 - 1,216 37.1 488
11 - 31 1,279 - 1,287 31.1 112
11 - 31 1,279 - 1,287 33.6
1 2 - 6 1,316 - 1,323 8.7 0.022
1 2 - 6 1,316 - 1,323 12.0
1 3 - 5 1,343 - 1,351 19.1 48.8
14 - 18 1,372 - 1,379 31.8
14 - 19 1,372 - 1,379 32.7 3.6
Above data from Swartz (1962)
Erl—1te ll
Only 3 c o r e s  w e re  t a k e n  f rom t h e  E - l  w e l l  and each 
shows v e r y  d i f f e r e n t  p a t t e r n s  o f  d i a g e n e t i c  a l t e r a t i o n .  
Core  1 i s  from t h e  Lower Miocene  a t  a p p ro x im a te ly  610 m 
and shows v e r y  l i t t l e  d i a g e n e t i c  a l t e r a t i o n .  In  c o re  1 ,  
t h e  o n l y  d i a g e n e t i c  p r o c e s s  i d e n t i f i e d  by p e t ro g ra p h y  i s  
m inor  i n t r a f a b r i c  d i s s o l u t i o n  o f  some a r a g o n i t i c  g r a i n s ,
m inor  c o m p a c t io n  f r a c t u r i n g ,  and minor  p r e s s u r e  s o l u t i o n
( F i g .  14) . Much a r a g o n i t e  (o v e r  50%) r e m a in s  i n t a c t  in
t h e s e  s t r a t a  and  no cem ent  was found .  Measured p o r o s i t y
i s  a p p ro x im a te ly  50% (Table  1; Sw ar tz ,  196 2 ) .
Core 2 of t h e  E - l  w e l l  (854 -  856 m deep) shows d i a g e n e t i c  
t e x t u r e s  s i m i l a r  t o  t h o s e  o b s e r v e d  in  P l e i s t o c e n e  s t r a t a  
of  t h e  Enewetak A t o l l .  Major d i a g e n e t i c  f e a t u r e s  in c lu d e  
f a b r i c  s e l e c t i v e  d i s s o l u t i o n  of a r a g o n i t i c  g r a i n s  and cementa­
t i o n  (F ig .  1 4 ) .  C l e a r ,  unevenly  d i s t r i b u t e d  e q u a n t - to - b l a d e d  
c e m e n t s  a r e  common. M easured  p o r o s i t y  in  a sample from 
co re  2 i s  28.7% (Table  1; Sw ar tz ,  1962) . S t r a t a  i n  
c o r e  3 o f  t h e  E - l  w e l l  ( 1 ,2 4 3  -  1 ,2 5 0  m) were d e p o s i t e d  
i n  and  a r o u n d  a c o r a l  r e e f .  L a rg e  am o u n ts  o f  o r i g i n a l  
a r a g o n i t e  have  b e en  s e l e c t i v e l y  d i s s o l v e d  and many c o r a l  
molds  have  b e en  r e f i l l e d  w i t h  b l a d e d  c e m e n t .  Medium t o  
c o a r s e  c r y s t a l l i n e  b lad ed  cement i s  v e ry  abundant  f i l l i n g  
b o t h  p r i m a r y  and s e c o n d a r y  v o i d s .  A s i g n i f i c a n t  amount 
of  d o l o m i t e  i s  a l s o  p r e s e n t .  M easured  p o r o s i t y  in  c o re  
3 i s  11.7 -  16.6% (Table  1; Sw ar tz ,  1962) .
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F ig u re  14.
D i a g e n e t i c  a l t e r a t i o n  i n  E - l  w e l l .  Column a t  l e f t  shows 
c o re  l o c a t i o n s  and app rox im ate  bu lk  m in e r a l o g i e s  from Sch langer  
(196 3) . Amounts o f  d i s s o l u t i o n ,  c e m e n ta t io n ,  and d o lo m i t i z a t io n  
a r e  b a s e d  on v i s u a l  e s t i m a t e s  u s i n g  c o m p a r i s o n  diagrams 
i n  S c h o l l e  (1978) . The i n t e n s i t y  of d i a g e n e t i c  a l t e r a t i o n  
b e tw e e n  c o r e s  i s  b a s e d  p a r t l y  on t h e  d r i l l i n g  r a t e  l o g  
(F ig .  38) .
DIAGENETIC ALTERATION IN E-1 WELL
% A l te r a t io n  in  Rock
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D isc u s s io n  of  G enera l  D ia g e n e t i c  P a t t e r n s
F ig u r e s  10 -  14 i l l u s t r a t e  t h e  v a r i a b i l i t y  i n  d i a g e n e t i c  
a l t e r a t i o n  o f  C e n o z o ic  c a r b o n a t e s  on Enewetak.  C l e a r l y ,  
c em en ta t ion  and d i s s o l u t i o n  a r e  n o t  on ly  dependent  on b u r i a l  
t i m e  and  d e p t h .  R a t h e r ,  d i a g e n e t i c  a l t e r a t i o n  a p p e a r s  
t o  be a p r o d u c t  o f  t h e  d i a g e n e t i c  e n v i r o n m e n t s  t h r o u g h  
which  t h e  r o c k s  h a v e  p a s s e d .  C e m e n t a t i o n ,  d i s s o l u t i o n ,  
and o t h e r  d i a g e n e t i c  p r o c e s s e s  o b s e r v e d  on Enewetak a r e  
known t o  occur  in  m e t e o r i c ,  m ar ine ,  and b u r i a l  env ironm ents  
(M a t th e w s ,  1968; Land, 1970; James e t  a l . ,  1976; Land and 
Moore, 1980; S c h la g e r  and James ,  1978; Moore and Druckman, 
1981) .
In  t h e  f o l lo w in g  s e c t i o n s ,  c e m en ta t io n  and o t h e r  t y p e s  
o f  d i a g e n e t i c  a l t e r a t i o n  i n  C e n o z o ic  s t r a t a  on Enewetak 
a r e  s y s t e m a t i c a l l y  d e s c r i b e d .  F i r s t ,  c e m en ta t io n  on Enewetak 
w i l l  be d i s c u s s e d  p e t r o g r a p h i c a l l y  and g e o c h e m ic a l ly ,  and 
g e n e r a l  c o n c l u s i o n s  w i l l  be drawn r e g a r d in g  t h e  e n v i ro n ­
ments in  which v a r i o u s  cements were p r e c i p i t a t e d .  D ia g e n e t i c  
a l t e r a t i o n  o f  o r i g i n a l  g r a i n s  w i l l  t h e n  be c o n s i d e r e d .  
C o n c l u s i o n s  r e g a r d i n g  t h e  o r i g i n  of  v a r i o u s  cements w i l l  
a i d  i n  t h e  i n t e r p r e t a t i o n  o f  d i s s o l v e d  g r a i n s  and g r a i n s  
i n v e r t e d  o r  neomorphosed t o  LMC.
In  d e e p e r  Enewetak c a r b o n a t e s ,  compaction and do lom i-
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t i z a t i o n  a r e  common. C o m pac t io n  g e n e r a l l y  o c c u r s  a f t e r  
c a l c i t e  c e m e n ta t io n ,  bu t  b e f o r e  d o l o m i t i z a t i o n .  T h e re fo re  
compaction of  r i g i d  g r a i n s  w i l l  be d i s c u s s e d  p r i o r  t o  d o l o m i t i ­
z a t i o n  so t h a t  i n f o r m a t i o n  p r o v id e d  by compaction can be 
used t o  p l a c e  c o n s t r a i n t s  on t h e  o r i g i n  of Enewetak d o lo m i te .
fiEMEHIS
One o f  t h e  m o s t  f u n d a m e n t a l  p r o c e s s e s  i n  c a r b o n a t e  
d i a g e n e s i s  i s  c e m e n t a t i o n .  Cements a r e  e s s e n t i a l  t o  t h e  
l i t h i f i c a t i o n  of  l i m e s t o n e s  and o f t e n  a r e  t h e  main f e a t u r e
o b l i t e r a t i n g  p o r o s i t y  in  a n c i e n t  r o c k s .  The term "cement" 
i s  u se d  t o  i n c l u d e  a l l  " p a s s i v e l y "  p r e c i p i t a t e d  c a r b o n a te  
c r y s t a l s  w h ich  grow a t t a c h e d  t o  a f r e e  s u r f a c e  and f i l l  
open v o id s  ( B a th u r s t ,  1975, p . 416) . B a th u r s t  (1975) e s t a b l i s h e d  
a number o f  c r i t e r i a  f o r  t h e  i d e n t i f i c a t i o n  o f  c em en t ,  
most  o f  which  w ere  u se d  i n  t h i s  s t u d y .  In  a l l  samples ,  
cements were p e t r o g r a p h i c a l l y  d e s c r i b e d  a c c o rd in g  tomorphology, 
d i s t r i b u t i o n ,  and r e l a t i o n  t o  o t h e r  t e x t u r a l  f e a t u r e s .  
Cements  i n  many s a m p le s  w e re  t h e n  an a lyzed  f o r  s t r o n t iu m  
and magnesium c o n c e n t r a t i o n s  by an e l e c t r o n  m ic ro p ro b e .  
In  a d d i t i o n ,  c e m e n t s  i n  some s a m p le s  w e re  s e p a r a t e d  f o r  
d e t a i l e d  s t a b l e  ca rbon  and oxygen i s o t o p e  a n a l y s e s .
PETROLOGY
P e t r o l o g i c  s t u d i e s  o f  cem en t  m o r p h o lo g y ,  p o s i t i o n ,  
and d i s t r i b u t i o n  c an  y i e l d  a g r e a t  d e a l  of  i n s i g h t  i n t o  
t h e  t im in g  and env ironm ent  of c e m e n ta t io n .  Using p e t r o g r a p h i c  
r e l a t i o n s h i p s ,  t h e  t im in g  o f  c e m en ta t io n  can o f t e n  be de te rm ined  
r e l a t i v e  t o  d i s s o l u t i o n ,  compact ion ,  and o t h e r  g e n e r a t i o n s
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o f  c e m e n t a t i o n .  R e c e n t l y ,  cem en t  morphology and d i s t r i ­
b u t io n  have been c o r r e l a t e d  t o  c e r t a i n  n e a r s u r f a c e  d i a g e n e t i c  
e n v i r o n m e n t s  o f  p r e c i p i t a t i o n  (L and ,  1 97 0 ;  P o l k ,  1974 ;  
Longman, 1980) .
Q u a te rna ry  Cements
Q u a t e r n a r y  c e m e n t s  on Enewetak  i n c l u d e  s e v e n  main 
m o r p h o l o g i e s :  (1) m i c r i t e ,  (2) m i c r o s p a r ,  (3) f i b r o u s ,  
(4) b l a d e d ,  (5) e q u a n t - t o - b l a d e d  (6) e q u a n t  m o sa ic ,  and 
(7) echinoderm overg row ths  (Folk ,  1965) .
M i c r i t e  Cements
M i c r i t e  c e m e n t s  a r e  n o t  v o l u m e t r i c a l l y  im p o r ta n t  in  
Q u a t e r n a r y  s t r a t a  on Enewetak  and  w e re  o n l y  observed  in  
2 o u t  o f  25 H o lo c e n e  s a m p le s  f rom  t h e  XRI-1, XAR-1, and 
XEN-1 w e l l s  (F ig s .  10 -  1 2 ) .  M i c r i t e  cements  a r e  w idespread  
in  P l e i s t o c e n e  s t r a t a ,  b u t  a r e  n o t  v o l u m e t r i c a l l y  im p o r ta n t .  
The o n l y  s a m p le  s t u d i e d  w h ich  c o n t a i n s  o v e r  1% m i c r i t e  
cem ent  i s  f rom t h e  XRI-1 w e l l  a t  45 m ( l e s s  t h a n  0 .3  m 
below an e x p o su re  s u r f a c e ;  F ig .  1 0 ) .  That  sample c o n ta in s  
m i c r i t e  i n  a s t r u c t u r e  s i m i l a r  t o  s o i l - r e l a t e d  s t r u c t u r e s  
d e s c r i b e d  by H a r r i s o n  (1977) and Beach (1982) .  E a r ly  m i c r i t e  
c e m e n ts  i n  P l e i s t o c e n e  s t r a t a  o f t e n  form t h i n  dark  c r u s t s  
around g r a i n s  which r e t a i n  t h e  o u t l i n e  of g r a i n s  even a f t e r  
t h e  o r i g i n a l  g r a i n s  a r e  d i s s o l v e d  ( F i g .  1 5 a ) . M i c r i t e
F i g u r e  1 5 .
Photom icrographs  of  P l e i s t o c e n e  cements from Enewetak:
(a)  C a l c i t e  c em en ts  in  l im e s to n e  from a dep th  of 69 m in  
XRI-1 w e l l .  Note  t h e  d a r k  c r u s t s  o f  m i c r i t e  cement (M) 
s u r r o u n d i n g  g r a i n s .  M i c r i t e  c r u s t s  a r e  overgrown by c l e a r  
b l a d e d - t o - e q u a n t  cements .  Bar s c a l e  a t  lower  l e f t  e q u a l s  
0 .1  mm. Crossed  n i c o l s .
(b) M icrospar  (Ms) a s s o c i a t e d  w i th  a r o o t  p a t h .  See H a r r i s o n  
(1977) f o r  pho tom ic rographs  of s i m i l a r  r o o t  p a th s  in  c a l i c h e  
p r o f i l e  on B a r b a d o s .  N o te  how m i c r o s p a r  g r a d e s  i n t o  
e q u a n t - t o - b l a d e d  cements  in  some v o id s  (53 m, XAR-1 w e l l ) . 
Bar s c a l e  a t  lower  l e f t  e q u a l s  0 .1  mm. Crossed  n i c o l s .
(c)  F i b r o u s  a r a g o n i t e  c e m e n ts  p r e f e r e n t i a l l y  growing on 
a r a g o n i t e  g r a i n s .  Note  t h a t  r o t a l i n e  f o r a m i n i f e r a  (R) 
and echinoderm f ragm ent  (E) have no f i b r o u s  a r a g o n i t e  cement 
w h e r e a s  H a l im eda  p l a t e s  (H) a r e  s u r r o u n d e d  by c r u s t s  of 
f i b r o u s  a r a g o n i t e  cem ent  (18 m, XEN-1 w e l l ) .  Bar s c a l e  
a t  lower l e f t  e q u a l s  0 .5  mm. Crossed  n i c o l s .
(d) B lad e d  cem en t  ( l e f t )  g r a d i n g  i n t o  t r a v e r t i n e  ( r i g h t )  
s u g g e s t i n g  r a p i d  p r e c i p i t a t i o n  of  b laded  cements  a s  w e l l  
as  t r a v e r t i n e  (73 m, XRI-1 w e l l ) .  Bar s c a l e  e q u a l s  0.5mm.
(e )  C r u s t  o f  e q u a n t - t o - b l a d e d  cement.  See F ig u r e  23 f o r  
e l e c t r o n  m i c r o p r o b e  t r a v e r s e  C-C' (72 m, XRI-1 w e l l ) . 
Bar s c a l e  a t  lower l e f t  e q u a l s  0 .1  mm. Crossed  n i c o l s .
( f )  E q u a n t  m o s a ic  cem en t  f i l l i n g  i n t r a c o r a l l i n e  v o id  (50 
m, XRI-1 w e l l ) . Bar s c a l e  e q u a l s  0 .1  mm. C rossed  n i c o l s .
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r im s  fo rm ed  by e n d o l i t h  a l g a e  may s u p e r f i c i a l l y  a p p e a r  
l i k e  c r u s t s  o f  m i c r i t e  c e m e n t s .  However,  m i c r i t i z a t i o n  
a s s o c i a t e d  w i th  e n d o l i t h i c  a l g a e  can be i d e n t i f i e d  by f i l a m e n t s  
and b o r i n g s  ( o f t e n  f i l l e d  w i t h  m i c r i t e )  p e n e t r a t i n g  i n t o  
p r im ary  g r a i n s .
MicxQ.spax
M i c r o s p a r  ( F o l k ,  1965) i s  r a r e  i n  t h e  P l e i s t o c e n e  
and a b s e n t  i n  Holocene samples from Enewetak. Microspar  
i s  found in  2 samples im m ed ia te ly  below exp o su re  s u r f a c e s ,  and 
i s  a s s o c i a t e d  w i th  what appea r  t o  be r o o t  p a th s  and s o i l - r e l a t e d  
s t r u c t u r e s  s i m i l a r  t o  t h o s e  d e s c r i b e d  by H a r r i s o n  (1977) .  
C l e a r  m i c r o s p a r  can  a l s o  o c c a s i o n a l l y  be found r e p l a c i n g  
a r a g o n i t e  g r a i n s .  I t  i s  d i f f i c u l t  t o  prove t h a t  t h e  m ic ro sp a r  
i s  i n d e e d  a f i n e  v o i d - f i l l  c e m e n t ;  h o w e v e r ,  m i c r o s p a r s  
i n  s o i l - r e l a t e d  s t r u c t u r e s  o f t e n  grade  i n t o  c l e a r ,  c o a r s e r  
v o i d - f i l l  c e m e n t s  ( F i g .  1 5 b ) , s u g g e s t i n g  t h a t  m i c r o s p a r  
may o c c u r  a s  a f i n e  c r y s t a l l i n e  e q u a n t ,  v o i d - f i l l  cement.  
When r e p l a c i n g  a r a g o n i t e  g r a i n s ,  m i c r o s p a r  i s  g e n e r a l l y  
c l e a r  and i s  o f t e n  su r rounded  by open vo id  space  su g g e s t in g  
t h a t  t h e  m ic ro sp a r  may a l s o  be a cement.
F ib ro u s  Cement
In  Q u a t e r n a r y  s t r a t a  o f  t h e  XRI-1, XAR-1, and XEN-1 
w e l l s ,  f i b r o u s  c e m e n t s  may be a r a g o n i t e ,  h i g h - m a g n e s i a n
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c a l c i t e  (HMC), o r  l o w - m a g n e s i a n  c a l c i t e  (LMC). F i b r o u s  
HMC c e m e n t s  a r e  e x t r e m e l y  r a r e  i n  t h e  X R I - 1 , XAR-1 and 
XEN-1 w e l l s ,  b e i n g  fo u n d  o n l y  i n  one  H o lo c en e  s a m p le .  
F i b r o u s  LMC c e m e n t s  w e re  found o n ly  in  a few P l e i s t o c e n e  
sam ples .  F ib ro u s  a r a g o n i t e  ( i d e n t i f i e d  by SEM and e le m e n ta l  
a n a l y s e s  f o r  s t r o n t iu m )  o c c u r s  more w id e ly  in  t h e  Q ua te rnary  
s e c t i o n  o f  Enewetak  ( F i g s .  10 -  1 2 ) .  F i b r o u s  a r a g o n i t e  
c e m e n t s  a r e  p r e s e n t  i n  10 out  of 25 samples from Holocene 
s t r a t a ;  however, no Holocene samples examined in  t h i s  s t u d /  
c o n t a i n  over  2% f i b r o u s  cement.  F ib ro u s  a r a g o n i t e  cements 
a r e  s c a t t e r e d  th rou g h  much of t h e  P l e i s t o c e n e  of Enewetak, 
bu t  th ey  a r e  v o l u m e t r i c a l l y  im p o r ta n t  i n  o n ly  two i n t e r v a l s  
(14.0  -  18.3 m in  t h e  XEN-1 w e l l ;  28 .7  m in  t h e  XAR-1 w e l l ;  
F i g s .  10 -  1 2 ) .  F ib r o u s  a r a g o n i t e  cement may p r e f e r e n t i a l l y  
grow and fo rm  i s o p a c h o u s  c r u s t s  on a r a g o n i t e  r a t h e r  than  
c a l c i t e  g r a i n s  (F ig .  1 5 c ) .
PHaded Cement
In  some P l e i s t o c e n e  s t r a t a  on Enewetak, b laded  cements 
( F o l k ,  196 5) a r e  q u i t e  common and t e n d  t o  be c o n c e n t r a te d  
i n  i n t e r v a l s  n o t  d i r e c t l y  a s s o c i a t e d  w i th  exposu re  s u r f a c e s  
( F i g s .  10 -  1 2 ) .  As u se d  h e r e ,  b l a d e d  cem en ts  m a in ta in  
a r e l a t i v e l y  c o n s t a n t  w id th  w h i le  growing i n t o  open v o i d s .  
Bladed cements u s u a l l y  occur  as  i sopacho u s  c r u s t s  and have 
a f a i r l y  un iform d i s t r i b u t i o n  in  t h e  P l e i s t o c e n e  of Enewetak. 
They a r e  p r e f e r e n t i a l l y  fou n d  i n  p r i m a r y  i n t e r g r a n u l a r
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and l a r g e r  s o l u t i o n  v o i d s ,  and r a r e l y  in  p r im ary  i n t r a g r a n u l a r  
v o i d s .  At 72.8  m in  t h e  XRI-1 w e l l ,  b laded  cements  grade  
l a t e r a l l y  i n t o  t r a v e r t i n e  (F ig .  15 d ) .
B l a d e d  c e m e n t s  i n  P l e i s t o c e n e  s t r a t a  o f  t h e  XEN-1 
and XRI-1 w e l l s  a r e  commonly i n c l u s i o n - r i c h .  These i n c l u s i o n -  
r i c h  c e m e n ts  a r e  p r e s e n t  i n  many s a m p le s  between 45 and 
64 m in  t h e  XRI-1 w e l l  (F ig .  10) and between 25 .6  and 39 
m in  t h e  XEN-1 w e l l  (F ig .  12) . I n c l u s i o n - r i c h  b laded  cements 
occur  as  (1) i n c l u s i o n - r i c h ,  i s o l a t e d  b laded  c r y s t a l s  which 
g e n e r a l l y  do n o t  t o u c h  a d j a c e n t  cem en t  c r y s t a l s  and (2) 
c o a l e s c i n g  b l a d e d  c r y s t a l s  w i t h  i n c l u s i o n - r i c h  c o re s  and 
c l e a r  r ims and t e r m i n a t i o n s  (F ig .  1 6 ) .
I s o l a t e d  b l a d e d  c e m e n t s  a r e  u n i fo rm ly  i n c l u s i o n - r i c h  
w i th  no c l e a r  p o r t i o n s .  These cements  have i r r e g u l a r  t e r m in ­
a t i o n s  and v a r i a b l e  o r i e n t a t i o n s  r e l a t i v e  t o  t h e  s u b s t r a t e  
on w h ich  t h e y  a r e  g ro w in g  ( F i g .  16) * S c a n n in g  e l e c t r o n  
microscopy (SEM) r e v e a l s  t h a t  t h e s e  i s o l a t e d ,  i n c l u s i o n - r i c h ,  
b laded  c r y s t a l s  do n o t  have s im ple  p l a n a r  f a c e s ,  b u t  c o n s i s t  
of complex com pos i te  forms which in c lu d e  m u l t i p l e  k n i f e - l i k e  
and a rrow -shaped  p r o j e c t i o n s  (F ig s .  15c&f) . In  t h i n  s e c t i o n ,  
i n c l u s i o n s  i n  b o t h  i s o l a t e d  and  c o a l e s c i n g  b laded  cement 
c r y s t a l s  a r e  g e n e r a l l y  l i n e a r  and s i n g l e  p h a se .  SEM ex am in a t io n  
i n d i c a t e s  t h a t  t h e  i n c l u s i o n s  a r e  h o l low ,  su g g e s t i n g  t h a t  
they  may have o r i g i n a l l y  been f i l l e d  w i th  a f l u i d .  L inea r  
i n c l u s i o n s  t e n d  t o  p a r a l l e l  o t h e r  l i n e a r  i n c l u s i o n s  w i t h i n  
i n d i v i d u a l  b laded  c r y s t a l s  (F ig .  1 5 ) .
F i g u r e  1 6 .
P l e i s t o c e n e  i n c l u s i o n - r i c h  b laded  cements:
(a)  I s o l a t e d ,  i n c l u s i o n - r i c h ,  b laded  cement (58 m, XRI-1 
w e l l ) .  Bar s c a l e  a t  l o w e r  l e f t  e q u a l s  0 .1  mm. Crossed 
n i c o l s .
(b) C l o s e - u p  o f  i s o l a t e d ,  i n c l u s i o n - r i c h ,  b l a d e d  cement 
(58 m, XRI-1 w e l l )  . Bar s c a l e  a t  lower l e f t  e q u a l s  0 .05  
mm. Crossed  n i c o l s .
( c )  SEM p h o t o g r a p h  o f  i s o l a t e d ,  i n c l u s i o n - r i c h ,  b l a d e d  
c e m e n t .  Bar s c a l e  a t  lo w e r  r i g h t  e q u a l s  10 m ic r o n s  (58 
m, XRI-1 w e l l ) .
(d) I n c l u s i o n - r i c h  b laded  cements w i th  i n c l u s i o n - r i c h  c o re s  
and c l e a r  t e r m i n a t i o n s .  See F ig u r e  23 f o r  e l e c t r o n  m icroprobe 
t r a v e r s e  A-A' (51 m, XRI-1 w e l l )  . Bar s c a l e  a t  lower l e f t  
e q u a l s  0 .1  mm.
(e)  C l o s e - u p  o f  i n c l u s i o n - r i c h  c o r e s  o f  b l a d e d  cements .  
Note  t h a t  w i t h i n  cem en t  c r y s t a l s ,  l i n e a r  i n c l u s i o n s  a r e  
p a r a l l e l  t o  e a c h  o t h e r  (48 m, XRI-1 w e l l ) .  Bar s c a l e  a t  
lower l e f t  e q u a l s  0 .05  mm.
(f)  SEM pho tograph  of i s o l a t e d ,  i n c l u s i o n - r i c h  b laded  cement.  
Bar s c a l e  a t  l o w e r  r i g h t  e q u a l s  10 m ic ro n s  (58 m, XRI-1 
w e l l ) .
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E q u a n t - to -b la d e d  cement
E q u a n t - t o - b l a d e d  c r u s t s  o f  cem ent  b e g i n  a s  e q u a n t  
cements (Po lk ,  196 5) and become b lad ed  a s  th ey  grow outward.  
I n  c o n t r a s t  t o  s i m p l e  b l a d e d  c e m e n t s ,  e q u a n t - t o - b l a d e d  
c e m e n t s  become s i g n i f i c a n t l y  w i d e r  a s  t h e y  grow to w a rd  
t h e  c e n t e r  o f  v o i d s  ( P i g .  1 6 ) .  E q u a n t - to - b l a d e d  cements 
a r e  t h e  m os t  w i d e s p r e a d  and  a b u n d a n t  t y p e  o f  v o i d - f i l l  
cement i n  t h e  P l e i s t o c e n e  of Enewetak (F ig .  10 -  12) , bu t  a r e  
n o t  observed  in  Holocene sam ples .  These cements a r e  commonly 
found f i l l i n g  l a r g e  and sm a l l  i n t e r g r a n u l a r ,  i n t r a g r a n u l a r ,  
and s o l u t i o n  v o id s  and ,  in  some sam ples ,  occur as  isopachous  
c r u s t s  w i th  a f a i r l y  un i fo rm  d i s t r i b u t i o n .  In  o t h e r  samples ,  
e q u a n t - t o - b l a d e d  cem ents  a r e  unevenly  d i s t r i b u t e d  (Dunham, 
1971) and  may be r e s t r i c t e d  t o  sm a l l  i n t e r g r a n u l a r  vo id s  
a n d  i n t r a g r a n u l a r  v o i d s .  E q u a n t - t o - b l a d e d  c e m e n t s  a r e  
g e n e r a l l y  c l e a r  and may g r a d e  l o c a l l y  i n t o  e q uan t  mosaic  
o r  b laded  cements .
.Fguapt mp..Bgis-.sfimfinfc
T h e  m a i n  d i f f e r e n c e  b e t w e e n  e q u a n t  m o s a i c  a nd  
e q u a n t - t o - b l a d e d  c e m e n t s  i s  t h a t  e q u a n t  m o s a ic  c e m e n ts  
a r e  w id e r ,  ( p e r p e n d i c u l a r  t o  t h e  o r i g i n a l  vo id  w a l l )  p ro b ab ly  
b e c a u s e  t h e y  grew w i t h  l e s s  c o m p e t i t i o n  and i n t e r f e r e n c e  
from a d j a c e n t  c e m e n t s .  In  t h e  P l e i s t o c e n e  o f  Enewetak,
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equant  mosaic  cements  a r e  l e s s  w idesp read  and s i g n i f i c a n t l y  
l e s s  a b u n d a n t  t h a n  e q u a n t - t o - b l a d e d  c e m e n t s  ( F i g s .  10 -  
1 2 ) .  E q u an t  m o s a ic  c e m e n t s  w e re  n o t  fo u n d  i n  H o lo c en e  
s t r a t a .  In  t h e  P l e i s t o c e n e ,  e q u a n t  m o s a ic  c e m e n t s  a r e  
most  commonly fo u n d  i n  p r i m a r y  i n t r a g r a n u l a r  v o i d s  and 
in  f o s s i l  molds (F ig .  1 5 f ) .
Echinoderm Overgrowths
In  Q u a t e r n a r y  s t r a t a  on Enewetak, n e i t h e r  echinoderm 
f r a g m e n t s  n o r  e c h i n o d e r m  o v e r g r o w t h s  a r e  v o l u m e t r i c a l l y  
s i g n i f i c a n t  ( l e s s  t h a n  1% o f  any g iv en  r o c k ) .  While echinoderm 
o ve rg ro w th s  a r e  s c a t t e r e d  th rough  much of t h e  P l e i s t o c e n e ,  
t h e y  were  n o t  o b s e r v e d  i n  Holocene sam ples .  The l a c k  of  
echinoderm f rag m en ts  i n  many Q ua te rnary  samples  makes g e n e r a l ­
i z a t i o n s  r e g a r d in g  overgrow th  c h a r a c t e r i s t i c s  and d i s t r i b u t i o n  
d i f f i c u l t .  E ch in o derm  o v e r g r o w t h s  a r e  u s u a l l y  found in  
c o c k s  c o n t a i n i n g  b o th  echinoderm f rag m en ts  and s i g n i f i c a n t  
c a l c i t e  cem ent  ( F i g s .  10 -  12) . At 17 .7  m in  t h e  XEN-1 
w e l l ,  t h i c k  i s o p a c h o u s  c r u s t s  o f  a r a g o n i t e  cement cover  
m ost  a r a g o n i t e  g r a i n s ;  h o w e v e r ,  n e i t h e r  a r a g o n i t e  cement 
n o r  c a l c i t e  o v e rg ro w th s  were observed  on most echinoderms 
f rag m en ts  (F ig .  1 5 c ) .
Cement D i s t r i b u t i o n  in  Q u a te rna ry  s t r a t a
Q ua te rnary  cements  a r e  common in  pr im ary  i n t r a g r a n u l a r ,
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p r i m a r y  i n t e r g r a n u l a r ,  and s o l u t i o n  v o i d s .  I m m e d ia te ly  
be low  s u b a e r i a l  e x p o s u r e  s u r f a c e s ,  c a l c i t e  c e m e n t s  a r e  
p a tchy  and range  from r a r e  t o  ve ry  common. Cements a s s o c i a t e d  
w i th  exposu re  s u r f a c e s  a r e  v a r i a b l e  i n  t h i c k n e s s  and p r e f e r ­
e n t i a l l y  f i l l  i n t r a g r a n u l a r  and sm a l l  i n t e r g r a n u l a r  vo id s  
( F i g .  1 7 a ) . In  p o o r l y  c e m en ted  i n t e r v a l s  n o t  d i r e c t l y  
a s s o c i a t e d  w i th  an e x p o su re  s u r f a c e ,  c a l c i t e  cements g e n e r a l l y  
have an uneven d i s t r i b u t i o n  p r e f e r e n t i a l l y  f i l l i n g  i n t r a g r a n u l a r  
and s m a l l  i n t e r g r a n u l a r  v o i d s  (F ig .  17 a & b) . D i s t i n c t  
m e n i s c u s  and  m i c r o s t a l a g t i t i c  (pendan t )  cements  a r e  r a r e  
in  P l e i s t o c e n e  samples  from Enewetak.
In  w e l l - c e m e n t e d  z o n e s  n o t  d i r e c t l y  a s s o c i a t e d  w i th  
exposu re  s u r f a c e s ,  i n t e r g r a n u l a r  cements o f t e n  form isopachous  
c r u s t s  w i t h i n  i n d i v i d u a l  v o i d s  ( F i g .  1 7 d ) . However, on 
a m e s o s c o p i c  s c a l e ,  t h o s e  i n t e r g r a n u l a r  cements a r e  o f t e n  
v a r i a b l e  i n  t h i c k n e s s  ( a r e  p a t c h y ;  F i g s .  17 d & e ) . In 
some w e l l - c e m e n t e d  i n t e r v a l s ,  s m a l l  i n t e r g r a n u l a r  v o ids  
h av e  t h e  t h i c k e s t  cem ents ;  w hereas ,  in  o t h e r  w e l l -cem en ted  
i n t e r v a l s  l a r g e r  i n t e r g r a n u l a r  and s o l u t i o n  v o i d s  h av e  
t h i c k e r  c r u s t s .  Cement d i s t r i b u t i o n  r e l a t i v e  t o  d i s s o l u t i o n  
and neomorphism w i l l  be d i s c u s s e d  l a t e r .
Cements in  Lower Miocene S t r a t a 
of t he ..E-l. .We l l
Sam ples  f rom Lower Miocene s t r a t a  o f  t h e  F - l  w e l l
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F i g u r e  1 7 .
(a)  P l e i s t o c e n e  c a l c i t e  cements (c) p r e f e r e n t i a l l y  f i l l i n g  
sm a l l  v o ids  w h i l e  l a r g e  v o id  (V) a t  r i g h t  c o n t a i n s  no v i s i b l e  
cement (45 m, XRI-1 w e l l ) . Bar s c a l e  a t  lower l e f t  e q u a l s  
0 .1mm.
(b )  P l e i s t o c e n e  c a l c i t e  c e m e n t s  p r e f e r e n t i a l l y  f i l l  
i n t r a - f o r a m i n i f e r a l  c h am b ers  w h i l e  i n t e r g r a n u l a r  v o i d s  
c o n ta in  l i t t l e  or no cement (45 m, XAR-1 w e l l ) . Bar s c a l e  
a t  lower l e f t  e q u a l s  0 .1  mm. Crossed  n i c o l s .
(c )  M i c r i t e  r o o t - s t r u c t u r e  (?)  a t  t o p  o f  c o re  3 ,  375 m, 
F - l  w e l l .  Bar s c a l e  a t  lower  l e f t  e q u a l s  0 .1  mm.
(d) C i r c u m v o id  c r u s t s  o f  e q u a n t - t o - b l a d e d  c a l c i t e  cement 
(69 m, XRI-1 w e l l )  . Bar s c a l e  a t  lo w e r  l e f t  e q u a l s  0 .1  
mm. Crossed  n i c o l s .
(e)  G r a i n s t o n e  l e s s  t h a n  10 cm away from ( d ) . Note (d) 
has  much t h i c k e r  cement as  a r e s u l t  of  pa tchy  c em en ta t io n .  
Bar s c a l e  a t  lower l e f t  e q u a l s  0 .5  mm. C rossed  n i c o l s .
( f )  M ic rocod ium  (M) a t  t o p  o f  c o r e  3 (375 m) , F - l  w e l l .  
Bar s c a l e  a t  lower l e f t  e q u a l s  0 .1  mm.
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c o n ta in  abundant  cement ( o f t e n  20 -  30%; P ig .  1 3 ) .  R a d ia x ia l  
c a l c i t e  i s  t h e  dominant cement t y p e ,  a l th o u g h  f i b r o u s  and 
f i n e r  b l a d e d  c e m e n t s  a r e  a l s o  p r e s e n t  i n  m o s t  s a m p l e s .  
E ch in od erm  o v e r g r o w t h s  a r e  p r e s e n t  and w i l l  be d i s c u s s e d  
i n  t h e  r a d i a x i a l  s e c t i o n .  In  t h e  u p p e r  p a r t  o f  c o r e  3 
(F - l  w e l l  a t  375 m), an assemblage  of  cements and d i a g e n e t i c  
f e a t u r e s  t h a t  a r e  n o t  observed  e l s e w h e re  in  Lower Miocene 
s t r a t a  of  t h e  F - l  w e l l  a r e  p r e s e n t  and  i n c l u d e  m i c r i t e  
cements ,  m ic ro sp a r ,  e q u a n t - t o - b l a d e d  cem ents ,  and Microcodium 
(F ig s .  17 c & f ; Johnson ,  1961) . M i c r i t e  cements  and m ic ro sp a r  
a r e  fo u n d  i n  s t r u c t u r e s  s i m i l a r  t o  t h o s e  d e s c r i b e d  and 
a r e  g i v e n  a r o o t  o r  s o i l - r e l a t e d  o r i g i n  by James (1972) , 
H a r r i s o n  (1977) , and Beach (1982) . The e q u a n t - to - b l a d e d  
cements a r e  f i n e ,  c l e a r ,  and uneven i n  t h e i r  d i s t r i b u t i o n .  
C a l c i t e  s p a r s  i d e n t i f i e d  a s  M ic rocod ium  w e re  i n i t i a l l y  
d e s c r i b e d  i n  t h e s e  sam ples  by Johnson (1961) .  Microcodium 
s t r u c t u r e s  in  c o re  3 t en d  t o  c r o s s  c u t  and t r u n c a t e  o r i g i n a l  
d e p o s i t i o n a l  f e a t u r e s .  I t  i s  n o t  c l e a r  whether  t h e  c a l c i t e  
s p a r  f i l l i n g  t h e  Microcodium s t r u c t u r e s  i s  a t r u e  v o i d - f i l l  
cement .
Flbr.p.us cement
In  Lower Miocene s t r a t a  of t h e  F - l  w e l l ,  f i b r o u s  LMC 
c e m e n t s  a r e  w id e ly  s c a t t e r e d  o c c u r r i n g  (1) a s  t h i n  c r u s t s  
i n  v o i d s  w i t h o u t  r a d i a x i a l  c a l c i t e ,  (2) a s  e a r l y  cements 
overgrown by much c o a r s e r  r a d i a x i a l  s p a r ,  and (3) in  chambers
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of  r o t a l i n e  f o r a m i n i f e r a  (F ig .  1 8 a ) .  These f i b r o u s  cements 
p r e f e r e n t i a l l y  grow on and i n  r o t a l i n e  f o r a m i n i f e r a ,  pr imary  
i n t e r g r a n u l a r  v o i d s ,  and a r a g o n i t e  m olds .  When overgrown 
by r a d i a x i a l  c a l c i t e ,  f i b r o u s  c e m e n t s  g e n e r a l l y  r e t a i n  
t h e i r  own o p t i c a l  i d e n t i t y  ( F i g .  1 8 b ) . C o r a l l i n e  a lg a e  
in  t h e s e  Lower Miocene s t r a t a  a r e  a l s o  LMC s u g g e s t in g  t h a t  
f i b r o u s  c e m e n t s  a s  w e l l  a s  c o r a l l i n e  a l g a e  may have l o s t  
some o r i g i n a l  magnesium.
Fine t o  medium c r y s t a l l i n e  b laded  cement
F i n e  t o  medium c r y s t a l l i n e  b l a d e d  c e m e n t s  o c c u r  in  
s m a l l  v o i d s  a d j a c e n t  t o  r a d i a x i a l  c a l c i t e .  P resum ably ,  
t h o s e  b l a d e d  LMC c r y s t a l s  grew a t  r o u g h l y  t h e  same t ime 
as  r a d i a x i a l  s p a r  b u t  a p p a r e n t l y  d i d  n o t  have enough space 
t o  d e v e l o p  e x t i n c t i o n  f e a t u r e s  c h a r a c t e r i s t i c  of  r a d i a x i a l  
s p a r .  F ine  t o  medium c r y s t a l l i n e  b lad ed  cements  a r e  common 
i n  n a r ro w  v o i d s  c r e a t e d  by t h e  d i s s o l u t i o n  o f  some ty p e s  
of  c o r a l .
R a d ia x ia l  c a l c i t e
R a d i a x i a l  c a l c i t e  cement i s  abundant  in  Lower Miocene 
s t r a t a  of t h e  F - l  w e l l .  B a th u r s t  (1959 ,1975)  p e t r o g r a p h i c a l l y  
d e s c r i b e s  r a d i a x i a l  c a l c i t e  a s  hav ing  "a p e c u l i a r  com bina t ion  
of  curved t w i n s ,  co n v e rg en t  o p t i c  axes  and d i v e r g i n g  s u b c r y s t a l s  
w i t h i n  a s i n g l e  cement c r y s t a l " .  K enda l l  (1984) d i s c u s s e s
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F i g u r e  1 8 .
Photom icrographs  of  c a l c i t e  cements i n  Lower Miocene s t r a t a  
of  t h e  F - l  w e l l .  A l l  b a r  s c a l e s  a t  lower  l e f t  equa l  0.1  
mm.
(a)  F i b r o u s  LMC cement p r e f e r e n t i a l l y  growing on r o t a l i n e  
f o r a m i n i f e r a  (F) (524 m, F - l  w e l l ) . C rossed  n i c o l s .
(b) C lea r  r a d i a x i a l  c a l c i t e  cement.  Note undu lose  e x t i n c t i o n  
o f  t h e  r a d i a x i a l  s p a r s .  At l e f t ,  r a d i a x i a l  c a l c i t e  has 
overgrown f i b r o u s  LMC cement which r e t a i n  t h e i r  c r y s t a l l o -  
g r a p h ic  i d e n t i t y  (378 m, F - l  w e l l ) . For e l e c t r o n  m icroprobe 
t r a v e r s e  B -B ' ,  see  F ig u r e  24.  Crossed  n i c o l s .
(c) R a d ia x ia l  c a l c i t e  cement i n f i l l i n g  a d i s s o l v e d  Halimeda 
f l a k e  (379 m, F - l  w e l l ) . C rossed  n i c o l s .
(d) R a d i a x i a l  c a l c i t e  cement i n f i l l i n g  a d i s s o l v e d  c o r a l .  
Dark m i c r i t i c  m a t e r i a l  i s  i n t e r n a l  sed im ent  which f i l l e d  
p r i m a r y  i n t r a c o r a l l i n e  v o i d s  (378 m, F - l  w e l l )  . Crossed 
n i c o l s .
(e)  R a d i a x i a l  c a l c i t e  (R) f i l l i n g  a C l io n i d  b o r in g .  Note 
s c a l l o p e d  edges  o f  t h e  b o r in g  (379 m, F - l  w e l l ) .  Crossed  
n i c o l s .
(f )  R a d ia x ia l  c a l c i t e s  w i th  rhombic t o  s c a l e n o h e d r a l  c r y s t a l  
f a c e s .  Note t h a t  t h e  boundary between c l e a r  and i n c l u s i o n - r i c h  
r a d i a x i a l  c a l c i t e  i s  ro u g h ly  p a r a l l e l  t o  t h e  e x i s t i n g  r a d i a x i a l  
t e r m i n a t i o n  (379 m, F - l  w e l l ) .
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t h e  c r y s t a l l o g r a p h y  and growth p a t t e r n s  o f  r a d i a x i a l  c a l c i t e  
in  te rm s of  m as te r  c r y s t a l s  composed o f  numerous converg ing  
and  c o a l e s c i n g  s u b c r y s t a l s  w i th  s l i g h t l y  d i f f e r e n t  o p t i c a l  
o r i e n t a t i o n s .  K e n d a l l ' s  m a s te r  c r y s t a l s  a r e  u s u a l l y  b laded  
or  e q u a n t - t o - b l a d e d ,  w h i le  s u b c r y s t a l s  a r e  g e n e r a l l y  f i b r o u s .
Enewetak  r a d i a x i a l  c a l c i t e s  a r e  v e r y  s i m i l a r  t o  t h o s e  
d e s c r i b e d  by B a t h u r s t  (1959 ,  1 9 7 5 ) ,  K e n d a l l  and T u ck e r  
(1973) , and  K e n d a l l  (1984) e x ce p t  t h a t  Enewetak r a d i a x i a l  
c a l c i t e s  g e n e r a l l y  l a c k  tw in n in g .
In  Lower M iocene s t r a t a  o f  t h e  F - l  w e l l ,  r a d i a x i a l  
c a l c i t e s  a r e  t h e  d o m in a n t  t y p e  o f  cem ent  c o n s i s t i n g  o f  
b l a d e d  o r  e q u a n t - t o - b l a d e d  m a s te r  c r y s t a l s  which g e n e r a l l y  
become w i d e r  away f rom o r i g i n a l  c a v i t y  w a l l s .  R a d ia x ia l  
s p a r s  hav e  s h a r p  b o u n d a r i e s  w i t h  o r i g i n a l  d e p o s i t i o n a l  
g r a i n s  a t  t h e  edge of  v o i d s .  On Enewetak, m as te r  r a d i a x i a l  
c r y s t a l s  hav e  an  u n d u l o s e  e x t i n c t i o n  w h ich  o f t e n  cov ers  
25°  o f  s t a g e  r o t a t i o n  ( F i g s .  1 8 b - e ) .  Enewetak r a d i a x i a l  
c r y s t a l s  a r e  g e n e r a l l y  l e n g t h - f a s t  w i th  long  axes  o r i e n t e d  
p e r p e n d i c u l a r  t o  t h e  c a v i t y  w a l l s .  I n t e r c r y s t a l l i n e  b o u n d a r i e s  
a r e  sh a rp  and o f t e n  i r r e g u l a r ,  r a t h e r  t h a n  p l a n a r  (F ig .  1 8 ) .
P r e s e n t  r a d i a x i a l  cement t e r m i n a t i o n s  have a c u t e  s c a l e n o -  
h e d r a l ,  j a g g e d  r h o m b ic ,  j a g g e d  s c a l e n o h e d r a l , r o u n d e d ,  
and jag g ed  rounded forms (F ig s .  18 and 19) » SEM o b s e r v a t i o n s  
r e v e a l  t h a t  j a g g e d  t e r m i n a t i o n s  a p p e a r  a s  c o m p o s i t e s  of 
num erous  f i b r o u s  s u b c r y s t a l s  w h ich  o f t e n  c o a l e s c e  i n t o  
l a r g e r  r o u g h l y  rh o m b o h ed ra l  o r  s c a le n o h ed r  a l  t e r m i n a t i o n s  
( F i g .  19) . I n d i v i d u a l  f i b r o u s  s u b c r y s t a l s  may be a n h ed ra l
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F i g u r e  1 9 .
R a d ia x ia l  c a l c i t e s  in  Lower Miocene s t r a t a  of t h e  F - l  w e l l .
(a)  B laded  r a d i a x i a l  c e m e n t .  Note  i n c l u s i o n - r i c h  bands 
t h a t  a p p a r e n t l y  d e f i n e  former c r y s t a l  f a c e s  and a r e  s i m i l a r  
in  shape t o  e x i s t i n g  cement t e r m i n a t i o n s  (607 m, F - l  w e l l ) . 
Bar s c a l e  a t  lower l e f t  e q u a l s  0 .1  mm.
( b )  E q u a n t - t o - b l a d e d  r a d i a x i a l  c e m e n t  w i t h  j a g g e d ,  
r h o m b ic - to - s c a le n o h e d r a l  t e r m i n a t i o n s .  Note t h a t  in c lu s io n - r ic h  
bands mimic e x i s t i n g  cement t e r m i n a t i o n s  (814 m, F - l  w e l l ) . 
Bar s c a l e  a t  lower  l e f t  e q u a l s  0 .1  mm.
(c)  Banded r a d i a x i a l  cement.  Note t h a t  some growth bands 
have  s h a p e s  t h a t  a p p a r e n t l y  d e f i n e  c r y s t a l  f a c e s  s i m i l a r  
t o  e x i s t i n g  r a d i a x i a l  t e r m i n a t i o n s  (526 m, F - l  w e l l ) . 
Bar s c a l e  a t  lower l e f t  e q u a l s  0 .1  mm.
( d - f )  SEM p ho to g rap hs  o f  j agged  r a d i a x i a l  cement t e r m i n a t i o n s .  
Note t h a t  f i b r o u s  s u b c r y s t a l s  t e n d  t o  c o a l e s c e  w i th  growth 
(6 0 3 -6 1 1  m, F - l  w e l l ) .  Bar s c a l e s  equa l  100 m icrons  (0 .1  
mm) .
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or  may have sm a l l  rhombic t e r m i n a t i o n s  (P ig s .  1 9 d - f ) .
R a d i a x i a l  c r y s t a l s  va ry  from c l e a r  t o  ve ry  i n c l u s i o n -  
r i c h  (F ig s .  18 -  2 0 ) .  I n d i v i d u a l  i n c l u s i o n s  may be rough ly  
l i n e a r ,  j a g g e d  o r  i r r e g u l a r  i n  s h a p e .  V i d e t i c h  (1982) 
h a s  d oc u m e n te d  t h a t  some t u b u l a r  and i r r e g u l a r  i n c l u s i o n s  
a r e  t h e  r e s u l t  o f  o r g a n i c  ( f u n g a l ? )  i n f e s t a t i o n s .  SEM 
e x a m in a t io n  i n d i c a t e s  t h a t  o t h e r  i n c l u s i o n s  now a r e  hol low 
and were p ro b a b ly  o r i g i n a l l y  f i l l e d  w i th  a f l u i d .  I n c l u s i o n s  
do n o t  f l u o r e s c e  u n d e r  u l t r a v i o l e t  l i g h t  su g g e s t in g  t h a t  
they  a r e  n o t  c u r r e n t l y  f i l l e d  w i th  o r g a n i c  m a t e r i a l .
I n  E n e w e t a k  r a d i a x i a l  c e m e n t s ,  i n c l u s i o n - r i c h  and 
i n c l u s i o n - p o o r  b a n d s  o f t e n  a l t e r n a t e  w i th  t h e  f i n a l  band 
g e n e r a l l y  b e i n g  c l e a r  ( F i g s .  18 -  2 0 ) .  I n c l u s i o n - r i c h  
and  i n c l u s i o n - p o o r  b a n d s  a r e  u s u a l l y  c o n t i n u o u s  a r o u n d  
a g i v e n  v o i d  ( F i g s .  19 -  20) . I n c l u s i o n - r i c h  r a d i a x i a l  
l a m i n a t i o n s  (bands) commonly have s t r a i g h t ,  rounded,  rhombic, 
or a c u te  sc a le n o h e d r  a l  o u t l i n e s  t h a t  c l o s e l y  resem ble  e x i s t i n g  
t e r m i n a t i o n  p a t t e r n s  ( F i g s .  18 -  2 0 ) .  F r e q u e n t l y ,  sm a l l  
j a g g e d  i n c l u s i o n  p a t t e r n s  a r e  super im posed  on t h e  l a r g e r  
o u t l i n e s  (F ig s .  18 and 1 9 ) .
D i s t r i b u t i o n
On E n e w e ta k ,  r a d i a x i a l  cement i s  o n ly  found i n  Lower 
Miocene s t r a t a  of t h e  F - l  w e l l .  In  t h o s e  s t r a t a ,  t h e  t h i c k e s t  
r a d i a x i a l  s p a r s  a r e  found in  l a r g e  open v o i d s .  In  s m a l l e r  
a d j a c e n t  v o i d s  and o t h e r  v o id s  w i th  more r e s t r i c t e d  f l u i d  
f l o w ,  r a d i a x i a l  s p a r s  a r e  o f t e n  t h i n  o r  a b s e n t .  C l e a r l y ,
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F i g u r e  2 0 .
Cements in  Lower Miocene s t r a t a ,  F - l  w e l l .
(a )  I n t e r n a l  s e d i m e n t s  ( I )  c o n t a i n i n g  a sm a l l  f o r a m in f e r a  
a l t e r n a t e  w i t h  c e m e n t s  r e l a t e d  t o  r a d i a x i a l  c a l c i t e  (815 
m, F - l  w e l l ) .  Bar s c a l e  a t  l o w e r  l e f t  e q u a l s  0 . 5  mm.
(b) Banded r a d i a x i a l  c a l c i t e  p a r t i a l l y  f i l l i n g  a C l io n id  
g a l l e r y .  Note  i r r e g u l a r  and s c a l l o p e d  lower  boundary of 
d a r k  i n t e r n a l  s e d i m e n t s  i n  u p p e r  t h i r d  o f  p h o t o  (813mf 
F - l  w e l l ) . For  e l e c t r o n  m i c r o p r o b e  t r a v e r s e  C - C ' , s e e  
F ig u re  24.  Bar s c a l e  a t  lower l e f t  e q u a l s  0 .5  mm.
(c)  Dolomite  cement (D) overgrowing r a d i a x i a l  c a l c i t e  (C) . 
C a l c i t e  i s  dark  (red)  due t o  s t a i n i n g  w i th  A l i z a r in - R e d -S .  
Note  a band of d o lo m i te  w i t h i n  r a d i a x i a l  c a l c i t e  (D) t h a t  
g e n e r a l l y  p a r a l l e l s  growth l a m i n a t i o n s ;  however t h a t  do lom i te  
c r o s s - c u t s  r a d i a x i a l  cement l a m i n a t i o n s  a t  f a r  r i g h t  (378 
m, F - l  w e l l ) .  Bar s c a l e  a t  lower  l e f t  e q u a l s  0 .1  mm.
(d) Echinoderm f ragm ent  (E) w i th  s y n t a x i a l  LMC cement o v e r ­
g r o w t h .  I n c l u s i o n - r i c h  bands can be t r a c e d  from a d j a c e n t  
r a d i a x i a l  c a l c i t e  cements (R) i n t o  t h e  echinoderm overgrowth 
(814 m, F - l  w e l l ) .  Bar s c a l e  e q u a l s  0 .1  mm. Crossed  n i c o l s .
(e)  R a d i a x i a l  c a l c i t e  cem en t  f i l l i n g  i n t e r g r a n u l a r  v o id s  
(608 m, F - l  w e l l ) . For e l e c t r o n  m icroprobe  t r a v e r s e  A-A' , 
see  F ig u re  24.  Bar s c a l e  a t  lower l e f t  e q u a l s  0 .1  mm.
(f)  SEM photograph  of  do lo m i te  overgrowing r a d i a x i a l  cement. 
See (c)  f o r  p h o t o m i c r o g r a p h  o f  same d o lo m i te  overgrowing 
r a d i a x i a l  c a l c i t e  (378 m, F - l  w e l l ) .
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r a d i a x i a l  c e m e n t a t i o n  i s  a s s o c i a t e d  w i t h ,  and e n h a n c e d  
by, open, u n o b s t r u c te d  f l u i d  f low .
R e la t i o n  t o  o t h e r  d i a g e n e t i c  f e a t u r e s
R a d i a x i a l  s p a r s  a r e  commonly o b s e r v e d  f i l l i n g  vo id s  
c r e a t e d  by a r a g o n i t e  d i s s o l u t i o n ,  such a s  c o r a l  and Halimeda 
molds (F ig s .  1 8 c - d ) .  In some c a s e s ,  p r im ary  i n t r a c o r a l l i n e  
v o i d s  a r e  f i l l e d  w i t h  one  g e n e r a t i o n  o f  r a d i a x i a l  s p a r ,  
w h i le  a n o th e r  g e n e r a t i o n  o f  r a d i a x i a l  s p a r  can be observed  
i n f i l l i n g  t h e  c o r a l  m o ld .  The i n t r a c o r a l i i n e  r a d i a x i a l  
cem ent  may have  fo rm ed  p r i o r  t o  a r a g o n i t e  d i s s o l u t i o n ;  
h o w e v e r ,  t h e  r a d i a x i a l  cement f i l l i n g  t h e  c o r a l  mold had 
t o  p r e c i p i t a t e  a f t e r  d i s s o l u t i o n  of  t h e  c o r a l .
R a d ia x ia l  s p a r s  commonly f i l l  i r r e g u l a r  v o id s  a p p a r e n t l y  
fo rm ed by C l i o n i d  s p o n g e s  (C.H.M oore,  1984, p e r s .  comm.; 
F i g s .  18e  and  2 0 b ) .  C l i o n i d  g a l l e r i e s  may be p a r t i a l l y  
f i l l e d  w i t h  r o t a l i n e  f o r a m s ,  c o r a l l i n e  a l g a l  f r a g m e n ts ,  
and p e l l e t e d  i n t e r n a l  s e d im e n ts .  O f ten  r a d i a x i a l  cements 
grow on f o s s i l  f ragm en ts  and above p e l l e t e d  i n t e r n a l  s e d im en ts  
t h a t  p a r t i a l l y  f i l l  t h o s e  C l io n i d  g a l l e r i e s .  C l io n id  g a l l e r i e s  
a r e  n e v e r  o b s e r v e d  t r u n c a t i n g  r a d i a x i a l  s p a r ,  i n d i c a t i n g  
t h a t  b i o e r o s i o n  o c c u r re d  p r i o r  t o  t h e  fo r m a t io n  of  r a d i a x i a l  
s p a r .  F o s s i l  f r a g m e n t s  a r e  a lm ost  nev e r  observed  r e s t i n g  
on r a d i a x i a l  s p a r  i n d i c a t i n g  t h a t  r a d i a x i a l  s p a r s  formed 
a f t e r  f o s s i l s  were d e p o s i t e d  i n  t h e  i r r e g u l a r  v o i d s .  R a d ia x ia l  
s p a r s  a r e  found over  i n t e r n a l  se d im e n ts  i n  g e o p e ta l  s t r u c t u r e s .  
However, i n  a s i n g l e  sample ( F l - 6 - 1 3 ) , cements a s s o c i a t e d
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w i t h  p o o r l y - d e v e l o p e d  r a d i a x i a l  c a l c i t e  a l t e r n a t e  w i t h  
s e v e r a l  g e n e r a t i o n s  o f  p e l l e t e d  i n t e r n a l  s e d im en ts  which 
a l s o  c o n ta in  sm a l l  f o r a m i n i f e r a  t e s t s  (F ig .  2 0 a ) .
In Lower Miocene s t r a t a  of  t h e  F - l  w e l l ,  c a l c i t e  ove r ­
growths commonly d eve lop  on echinoderm f rag m e n ts  (F ig .  2 0 d ) . 
A g rad u a l  t r a n s i t i o n  can be observed  between prox imal  echinoderm 
o v e r g r o w t h s ,  which have s t r a i g h t  m o n o c r y s t a l l i n e  s y n t a x i a l  
e x t i n c t i o n ,  and  d i s t a l  o v e r g r o w t h s  w i t h  more u n d u l o s e ,  
r a d i a x i a l - t y p e  e x t i n c t i o n .  I n c l u s i o n - r i c h  b an d s  can be 
t r a c e d  from r a d i a x i a l  s p a r s  i n t o  t h e  echinoderm overg row ths ,  
i n d i c a t i n g  t h a t  t h e  o v e r g r o w t h s  and  r a d i a x i a l  c a l c i t e s  
grew s im u l t a n e o u s ly  (F ig .  20 d ) .
I n  a few Lower Miocene s a m p le s  ( F l - 3 - 2 0 ,  F l - 5 - 2 0 ,  
F l - 6 - 9 ) , sm a l l  q u a n t i t i e s  o f  d o lo m i te  have been found (Sch lan-  
g e r ,  1963 ;  V i d e t i c h ,  1 9 8 2 ) .  In  t h i s  s t u d y ,  do lom i te  was 
found in  o n ly  one Lower Miocene sample (F l -3 -22)  . In t h a t  
sam p le ,  d o lo m i te  cements  a r e  observed  overgrowing t h e  l a s t  
( d i s t a l )  s t a g e  of r a d i a x i a l  c em en ta t io n  (F ig s .  20 c & f)  . 
M i c r o d o l o m i t e s  w e re  n o t  f o u n d  i n  t h e s e  r a d i a x i a l  cements 
( V id e t i c h ,  1982) .
Cements in  Upper Eocene S t r a t a  of t h e  F - l  Well
In  Upper Eocene s t r a t a  of t h e  F - l  w e l l ,  t h e  two main 
t y p e s  o f  a u t o c h t h o n o u s  c a l c i t e  cem ent  a r e  t h i n  f i b r o u s  
cements and echinoderm ove rg ro w ths ,  bu t  n e i t h e r  a r e  volume- 
t r i c a l l y  im p o r ta n t  (F ig .  1 3 ) .  Coarse ,  o f t e n  i n c l u s i o n - r i c h
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f i b r o u s  and b laded  cements  a r e  p r e s e n t  i n  some a l lo c h th o n o u s  
c l a s t s  found 1,110 -  1 ,350  m deep in  t h e  F - l  w e l l .
T h in  f i b r o u s  LMC c e m e n t s  a r e  w i d e s p r e a d  t h r o u g h o u t  
c o r e s  9 -  15 ( 1 ,1 1 0  -  1 ,390 m) of  t h e  F - l  w e l l ;  however, 
t h e y  a r e  n e v e r  v o l u m e t r i c a l l y  im p o r t a n t  (never  more th an  
2%). These cements a r e  ve ry  s i m i l a r  t o  t h i n  f i b r o u s  cements 
fo u n d  i n  t h e  Lower M iocene  o f  t h e  F - l  w e l l .  G e n e ra l ly ,  
t h e s e  t h i n  f i b r o u s  cements occur  as  c r u s t s  t h a t  a r e  t h i c k e s t  
on r o t a l i n e  f o r a m i n i f e r a ,  t h i n n e r  o r  n o n - e x i s t e n t  on c o r a l l i n e  
a l g a e ,  and a b s e n t  on echinoderm f r a g m e n ts .  F ib ro u s  cements 
a r e  a l s o  g e n e r a l l y  a b s e n t  i n  former (now d i s s o l v e d )  a r a g o n i t e  
g r a i n s .  In  Upper Eocene  s t r a t a ,  t h e  f i b r o u s  cements a r e  
s o m e t im e s  s p l i t  by c o m p a c t i o n  f r a c t u r e s ;  h o w e v e r ,  t h e y  
a r e  never  obse rved  growing w i t h i n  c o m p a c t i o n - r e l a t e d  f r a c t u r e s .  
Thin f i b r o u s  cements can a l s o  be found a t  p r e s s u r e  s o l u t i o n  
c o n t a c t s  (F ig .  2 1 a ) , s u g g e s t i n g  f i b r o u s  cements p r e c i p i t a t e d  
p r i o r  t o  s i g n i f i c a n t  compact ion .
E ch in od erm  o v e r g r o w t h s  a r e  commonly fo u n d  i n  Upper 
Eocene s t r a t a  of t h e  F - l  w e l l .  T h e i r  v o lu m e t r i c  abundance 
i s  l i m i t e d  by t h e  number of echinoderm f rag m e n ts  p r e s e n t .  
E ch in o derm  o v e r g r o w t h s  a r e  o f t e n  c o a r s e ,  p r e f e r e n t i a l l y  
growing p a r a l l e l  t o  t h e  "c" c r y s t a l l o g r a p h i c  a x i s  of  echinoderm 
f r a g m e n t s .  T h ese  o v e r g r o w t h s  a r e  c l e a r  and f r e q u e n t l y  
have m u l t i p l e  e u h e d ra l  t e r m i n a t i o n s  (F ig .  2 1 c ) . Echinoderm 
o v e r g r o w t h s  i n  Upper  E ocene  s t r a t a  o f  t h e  F - l  w e l l  have 
u n i t  e x t i n c t i o n  e x c e p t  where t h e  overg row ths  a r e  tw inned.  
P e t r o g r a p h i c a l l y , s y n t a x i a l  echinoderm overgrow ths  appea r
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F i g u r e  2 1 .
Cements  i n  Upper Eocene  s t r a t a .  A l l  b a r  s c a l e s  a t  lower 
l e f t  equa l  0 .1  mm.
(a) Compaction ( p r e s s u r e  s o l u t i o n )  o f  r o t a l i n e  f o r a m i n i f e r a  
o v e rg ro w n  by f i b r o u s  c e m e n t s .  Note t h a t  f i b r o u s  cements 
a r e  i n v o l v e d  i n  c o m p a c t io n  and  p r e s s u r e  s o l u t i o n  (1,315 
m, F - l  w e l l ) .
(b) P a t c h y ,  u n even  c e m e n t a t i o n  i n  c o r e  2 (854 -  856 m)
o f  t h e  E - l  w e l l .  Note  much more i n t e r g r a n u l a r  cement a t  
r i g h t .  Crossed  n i c o l s .
(c )  E ch in o d e rm  o v e r g r o w t h  w i t h  m u l t i p l e  c l e a r ,  e u h ed ra l  
t e r m i n a t i o n s  (1,281 m, F - l  w e l l ) .  C rossed  n i c o l s .
(d) B laded  cem en t  f i l l i n g  a c o r a l  mold i n  c o re  3 of t h e  
E - l  w e l l  (1 ,243  -  1 ,250 m) . Dark i n t e r n a l  sed im en ts  have 
f i l l e d  pr im ary  i n t r a - c o r a l l i n e  v o i d s .
(e)  B laded  c e m e n t s  f i l l i n g  p r i m a r y  i n t r a c o r a l l i n e  vo id s  
and c o r a l  m o ld s .  B la d e d  c em en ts  f i l l i n g  c o r a l  molds (C) 
a r e  g e n e r a l l y  i n c l u s i o n - r i c h .  Bladed cements  f i l l i n g  pr im ary  
i n t r a c o r a l  v o id s  ( I )  g e n e r a l l y  have i n c l u s i o n - r i c h  proximal  
p o r t i o n s  and c l e a r  d i s t a l  p o r t i o n s  (core  3 ,  1,243 -  1,250 
m, E - l  w e l l ) .
(f )  I n c l u s i o n - r i c h  b lad ed  cements  in  an a l l o c h th o n o u s  c l a s t  
(1 ,315 m, F - l  w e l l ) .
8 1
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t o  hav e  p r e c i p i t a t e d  a t  a p p r o x i m a t e l y  t h e  same t im e  a s  
f i b r o u s  c e m e n t s .  E u h e d r a l  e ch in o d e rm  overgrow ths  can be 
found in  p r e s s u r e - s o l u t i o n  c o n t a c t  w i th  o t h e r  g r a i n s ;  however, 
overgrowths  a r e  r a r e l y  o bse rved  overgrowing c o m p a c t i o n - r e l a t e d  
f r a c t u r e s .  T h e r e f o r e ,  e c h in o d e r m  o v e r g r o w t h s  g e n e r a l l y  
formed p r i o r  t o  s i g n i f i c a n t  compact ion .
C l a s t s  c o n t a i n i n g  abundan t  b laded  and f i b r o u s  cements  
a r e  fo u n d  i n  c o r e s  9 ,  1 2 ,  and 13 in  t h e  Upper Eocene of 
t h e  F - l  w e l l .  These b lad e d  and f i b r o u s  cements a r e  g e n e r a l l y  
medium t o  c o a r s e l y  c r y s t a l l i n e  and i n c l u s i o n - r i c h ,  d i f f e r i n g  
from r a d i a x i a l  s p a r  i n  t h a t  (1) th ey  g e n e r a l l y  do n o t  have 
r a d i a x i a l - t y p e  u n d u l o s e  e x t i n c t i o n ,  (2) t h e y  g e n e r a l l y  
do n o t  have jagg ed  t e r m i n a t i o n s ,  (3) th ey  do n o t  have a l t e r ­
n a t i n g  bands o f  i n c l u s i o n - r i c h  and i n c l u s i o n - p o o r  c a l c i t e ,  
and (4) sometimes th e y  a r e  f i b r o u s  (F ig .  2 1 f ) . These b laded  
and  f i b r o u s  c e m e n t s  c a n  be found r a d i a t i n g  o u t  from open 
a r a g o n i t e  m o lds  s u g g e s t i n g  t h a t  t h e y  p r e c i p i t a t e d  p r i o r  
t o  a r a g o n i t e  d i s s o l u t i o n .
Cements i n  Upper Eocene s t r a t a  of t h e  E - l  w e l l
No cements were  found in  c o re  1 of  t h e  E - l  w e l l  (Lower 
Miocene? 610 -  618 m; F i g .  14) . C l e a r  e q u a n t - t o - b l a d e d  
c e m e n t s  a r e  common i n  c o re  2 (Upper Eocene; 854 -  856 m) 
o f  t h e  E - l  w e l l  c o m p r i s i n g  up t o  20% o f  some s a m p l e s .  
These e q u a n t - t o - b l a d e d  cements  p r e f e r e n t i a l l y  f i l l  i n t r a g ran u la r  
v o i d s ,  s m a l l  i n t e r g r a n u l a r  v o i d s ,  and molds o f  d i s s o l v e d
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a r a g o n i t e  g r a i n s .  E q u a n t - t o - b l a d e d  c e m e n t s  have  a very  
uneven t h i c k n e s s  and d i s t r i b u t i o n  th ro u g h o u t  c o re  2 (P ig .  2 1 b ) . 
T h in  m i c r i t e  c r u s t s  c o a t  m os t  o r i g i n a l  g r a i n s ,  b u t  a r e  
v o l u m e t r i c a l l y  m inor .  Cements f i l l i n g  s o l u t i o n  molds t en d  
t o  be e q u a n t  m o s a i c s  r a t h e r  t h a n  e q u a n t - t o - b l a d e d .  The 
p re sen c e  of some e q u a n t - t o - b l a d e d  cements  su r ro u n d in g  u n f i l l e d  
m o lds  and o t h e r  c e m e n t s  f i l l i n g  a r a g o n i t e  molds s u g g e s t s  
t h a t  c e m en ta t io n  has  a l t e r n a t e d  th rough  t ime w i th  a r a g o n i t e  
d i s s o l u t i o n .
C e m e n t a t i o n  i n  c o r e  3 ( 1 ,2 4 3  -  1 ,2 5 0  m) of  t h e  E - l  
w e l l  i s  d o m in a t e d  by p r e c i p i t a t i o n  o f  medium t o  c o a r s e  
c r y s t a l l i n e ,  b l a d e d  c e m e n t s .  B l a d e d  c e m e n t s ,  m o s t  
i n c l u s i o n - r i c h ,  comprise  20 -  70% of  most sam ples .  These 
c e m e n ts  a r e  s i m i l a r  t o  b l a d e d  cements  p r e s e n t  in  a l l o c h -  
t h o n o u s  c l a s t s  i n  Upper Eocene  s t r a t a  o f  t h e  F - l  w e l l .  
B lad e d  c e m e n t s  a r e  commonly found f i l l i n g  c o r a l  molds in  
c o re  3 of t h e  E - l  w e l l  (F ig s .  2 1 d - e ) . Sometimes a d i f f e r e n t  
g e n e r a t i o n  of  b laded  cement w i l l  f i l l  i n t r a - c o r a l l i n e  v o id s ;  
i n  o t h e r  c a s e s ,  t h e  same g e n e r a t i o n  o f  cement t h a t  r e p la c e d  
t h e  c o r a l  a l s o  f i l l s  t h e  i n t r a - c o r a l l i n e  v o id s  (F ig .  2 1 e ) . 
T h e r e f o r e ,  b l a d e d  c a l c i t e  c e m e n t s  may hav e  p r e c i p i t a t e d  
p r i o r  t o  a r a g o n i t e  d i s s o l u t i o n  i n  a few c a s e s ,  bu t  a f t e r  
a r a g o n i t e  d i s s o l u t i o n  in  many o t h e r  c a s e s .
D i s c u s s io n  of  Cement Petrography.
C o r r e l a t i o n  o f  d i a g e n e t i c  e n v i r o n m e n t s  w i t h  cem ent
m in e ra lo g y ,  morphology, and d i s t r i b u t i o n  has  been d i s c u s s e d  
by Land (197 0) , Dunham (1971) , Matthews (1974) , Folk (1974) , 
S t e i n e n  ( 1 9 7 4 ) ,  H a i l e y  and H a r r i s  ( 1 9 7 9 ) ,  Moore (1979) , 
and Longman (1980) . F o lk  (1974) s e t  f o r t h  a fundamenta l  
c o r r e l a t i o n  between s a l i n i t y  and cement morphology in  c a r b o n a te  
env iron m en ts .  B a s i c a l l y ,  Folk  (1974) p roposed  t h a t  cements 
p r e c i p i t a t e d  f rom  w a te r s  w i th  lower Mg2+/Ca2+ r a t i o s  have 
more r a p i d  s idew ard  growth .  T h e r e fo r e  cements  p r e c i p i t a t e d  
from f r e s h w a t e r  (low Mg2+/Ca2+) sh ou ld  be more equan t  ( lower 
l e n g t h / w i d t h  r a t i o ) ;  w h e r e a s  c e m e n t s  p r e c i p i t a t e d  f rom 
more s a l i n e  w a te r s  (h igh Mg2+/Ca2+) shou ld  be more f i b r o u s  
( h i g h e r  l e n g t h / w i d t h  r a t i o ;  F o l k ,  1 9 7 4 ) .  Land ( 1 9 7 0 ) ,  
M at thew s  ( 1 9 7 4 ) ,  F o lk  ( 1 9 7 4 ) ,  Moore ( 1 9 7 9 ) ,  and Longman 
(1980) show t h a t  t h e  p e t r o g r a p h y  o f  cem en ts  can be used 
a s  an i n i t i a l  guide  t o  d i a g e n e t i c  env iro nm en ts  of  c em en ta t io n  
on Enewetak.
Msri.t-e
M i c r i t e  cements a r e  w id e ly  s c a t t e r e d  th rou g h  Cenozoic 
c a r b o n a t e  s t r a t a  on Enewetak. In  g e n e r a l ,  m i c r i t e  cements 
a r e  v o l u m e t r i c a l l y  very  m inor .  In  most  c a s e s ,  t h e  environment  
o f  m i c r i t e  p r e c i p i t a t i o n  c an n o t  be c o n f i d e n t l y  i d e n t i f i e d .  
In  Holocene sam ples ,  minor a r a g o n i t e  and HMC m i c r i t e  cements  
a r e  fo u n d  ( o f t e n  i n  b o u n d s t o n e s )  and  c a n  c o n f i d e n t l y  be 
a s s ig n e d  a m ar ine  o r i g i n  on t h e  b a s i s  of  m ine ra logy  (Fo lk ,
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1974;  Longman, 1 9 8 0 ) .  Some m i c r i t e  c e m e n ts  im m e d ia te ly  
below P l e i s t o c e n e  and Miocene e x p o su re  s u r f a c e s  and a s s o c i a t e d  
w i t h  s o i l - r e l a t e d  s t r u c t u r e s  c an  p r o b a b l y  be a t t r i b u t e d  
t o  a m e t e o r i c  o r i g i n .  I n  P l e i s t o c e n e  g r a i n s t o n e s ,  t h i n  
c r u s t s  o f  m i c r i t e  cem en t  a r e  commonly overgrown by equ-  
a n t - t o - b l a d e d ,  p ro b ab ly  m e t e o r i c ,  cements .  In t h o s e  P le is to c e n e  
g r a i n s t o n e s  and o t h e r  rocks  t h a t  have been in  bo th  m arine  
and m e t e o r i c  e n v i r o n m e n t s ,  m i c r i t e  c e m e n t a t i o n  may have 
o ccu r red  in  e i t h e r  m ar ine  or  m e te o r i c  w a t e r s .
M icrospar
On E n e w e ta k ,  t h e  c l o s e  a s s o c i a t i o n  of  m ic ro sp a r  w i th  
s u b a e r i a l  e x p o s u r e  s u r f a c e s  s u g g e s t s  a m e t e o r i c  v a d o s e  
o r i g i n  f o r  t h e  m ic r o s p a r .  In  Q ua te rn a ry  s t r a t a  on Enewetak, 
m i c r o s p a r  i s  i n v a r i a b l y  fo u n d  im m e d ia te ly  below exposure  
s u r f a c e s  and  a s s o c i a t e d  w i th  s o i l  s t r u c t u r e s .  In  t h e  F - l  
w e l l ,  m i c r o s p a r  i s  p r e s e n t  i n  t h e  u p p e r  p a r t  o f  c o r e  3 
(375 m) and i s  a s s o c i a t e d  w i th  Microcodium and o t h e r  a p p a r e n t l y  
s o i l - r e l a t e d  s t r u c t u r e s .  Klappa (1978) and Boderga t  (1974) 
h av e  p r e s e n t e d  c o m p e l l i n g  ev id e n ce  t h a t  Microcodium forms 
as  a r e s u l t  o f  s o i l - r e l a t e d  p r o c e s s e s .  T h e r e fo r e ,  fo rm a t io n  
o f  m ost  m i c r o s p a r  en co u n te re d  on Enewetak i s  p ro b a b ly  t h e  
r e s u l t  of  m e t e o r i c ,  s o i l - r e l a t e d  p r o c e s s e s .
F ib ro u s  Cement C r u s t s 86
F ib rou s  cement c r u s t s  a r e  s c a t t e r e d  th rou g h  Q ua te rna ry  
s t r a t a  o f  t h e  3 s h a l l o w  Enewetak w e l l s  and th rou g h  Lower 
Miocene and Upper Eocene s t r a t a  of t h e  F - l  w e l l .  According 
t o  g e n e r a l i z a t i o n s  o f  Land (1970) ,  and Folk (1974) ,  f i b r o u s  
c e m e n t  m o r p h o l o g i e s  s u g g e s t  a m a r i n e - p h r e a t i c  o r i g i n .  
The p r e s e n c e  o f  f i b r o u s  c e m e n t s  i n  H o lo c e n e  s t r a t a  t h a t  
have  n e v e r  b e e n  s u b j e c t e d  t o  f r e s h w a t e r  t e n d s  t o  conf i rm  
a m a r i n e  o r i g i n  f o r  m os t  f i b r o u s  c e m e n t s  on E n ew e tak .  
However, t h e  LMC m i n e r a l o g y  o f  f i b r o u s  cem en ts  in  Lower 
Miocene and Upper Eocene s t r a t a  s u g g e s t s  a m e te o r i c  o r i g i n .  
Those f i b r o u s  LMC cements  may have l o s t  o r i g i n a l  magnesium 
dur ing  su b seq u e n t  d i a g e n e s i s .
Bladed cement c r u s t s
Bladed r a d i a x i a l  c a l c i t e  cements  a r e  abundant  i n  Lower 
Miocene  s t r a t a  o f  t h e  F - l  w e l l .  Bladed cements  a r e  a l s o  
l o c a l l y  common i n  some i n t e r v a l s  o f  P l e i s t o c e n e  s t r a t a ,  
in  c o re  3 of t h e  E - l  w e l l  (Upper Eocene) , and in  a l l o c h th o n o u s  
c l a s t s  from Upper Eocene s t r a t a  of t h e  F - l  w e l l  (F ig .  21) . 
Almost a l l  b laded  cements  on Enewetak a r e  i so pacho u s  c r u s t s  
s u g g e s t i n g  p r e c i p i t a t i o n  i n  p h r e a t i c  env ironm en ts  (Land, 
197 0 ;  H a i l e y  and H a r r i s ,  1979) .  As Longman (1980) n o t e s ,  
b l a d e d  c e m e n ts  f r e q u e n t l y  form i n  m a r i n e ,  m e t e o r i c ,  and 
m ix e d  m a r i n e - m e t e o r i c  e n v i r o n m e n t s .  The p r e s e n t  s t u d y
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r e l i e s  on t r a c e  e l e m e n t  and  s t a b l e  i s o t o p e  a n a l y s e s  t o  
d i s t i n g u i s h  b laded  cements  p r e c i p i t a t e d  i n  m e te o r i c  w a te r s  
from th o s e  p r e c i p i t a t e d  i n  m ar ine  w a t e r s .
E q u a n t - to - b la d e d  cements
E q u a n t - to - b la d e d  cements  a r e  c h a r a c t e r i s t i c  o f  cem en ta t io n  
i n  m e t e o r i c  e n v i r o n m e n t s  ( F o l k ,  1 9 7 4 ) .  C le a r  e q u a n t - t o -  
b l a d e d  c a l c i t e  c e m e n t s  i n  P l e i s t o c e n e  s t r a t a  and in  c o re  
2 o f  t h e  E - l  w e l l  (Upper Eocene)  a r e  p r o b a b l y  m e t e o r i c  
in  o r i g i n .  P e t r o g r a p h i c a l l y , t h o s e  cements a r e  very  s i m i l a r  
t o  m e t e o r i c  cem ents  d e s c r ib e d  by H a i ley  and H a r r i s  (1979) 
a nd  many o t h e r  c a r b o n a t e  p e t r o l o g i s t s . The o c c u r r e n c e  
o f  t h o s e  e q u a n t - t o - b l a d e d  cements  below s u b a e r i a l  exposure  
s u r f a c e s  i n  P l e i s t o c e n e  s t r a t a  t e n d s  t o  r e i n f o r c e  a m e te o r i c  
o r i g i n  f o r  t h o s e  c e m e n t s  ( F i g s .  10 -  12) . L ikewise  c o re
2 of t h e  E - l  w e l l  i s  im m ed ia te ly  below a major  unconform ity  
a t  t h e  t o p  of  t h e  Upper Eocene and hence i s  i n  a l o c a t i o n  
w h e re  s u b a e r i a l  d i a g e n e s i s  w ou ld  be e x p e c t e d  (Ladd and  
S c h l a n g e r ,  1 9 6 0 ;  F i g .  4 ) .  I n  P l e i s t o c e n e  s t r a t a  of t h e
3 s h a l l o w  w e l l s  (X R I - 1 , XAR-1, XEN-1) and  i n  c o r e  2 of 
t h e  E - l  w e l l ,  t h e  a s s o c i a t i o n  w i t h  a r a g o n i t e  d i s s o l u t i o n  
a l s o  s u g g e s t s  t h a t  t h o s e  e q u a n t - t o - b l a d e d  and e q u an t  mosaic  
c e m e n t s  h a v e  a m e t e o r i c  o r i g i n  (Land ,  197 0 ;  H a i l e y  and 
H a r r i s ,  1979) .
E q u a n t - t o - b l a d e d  r a d i a x i a l  c a l c i t e  i s  common in  Lower 
Miocene s t r a t a  of t h e  F - l  w e l l .  In  c o n t r a s t  w i th  e q u a n t - t o -
b l a d e d  P l e i s t o c e n e  Enewetak  c e m e n t s  and  o t h e r  m e t e o r i c  
e q u a n t - t o - b l a d e d  c e m e n t s  (Land ,  1970; H a i le y  and H a r r i s ,  
1 9 7 9 ) ,  e q u a n t - t o - b l a d e d  r a d i a x i a l  c a l c i t e  (1) i s  o f t e n  
i n c l u s i o n - r i c h ,  (2) h a s  u n d u l o s e  e x t i n c t i o n ,  and (3) has  
j a g g e d  t e r m i n a t i o n s .  These c h a r a c t e r i s t i c s  make a s imple  
m e t e o r i c  o r i g i n  f o r  e q u a n t - t o - b l a d e d  r a d i a x i a l  c a l c i t e s  
q u e s t i o n a b l e .  The a s s o c i a t i o n  of  r a d i a x i a l  c a l c i t e  cement 
w i th  r e e f - r e l a t e d  b ou n ds to n es ,  p e l l e t e d  i n t e r n a l  se d im e n ts ,  
and C l i o n i d  g a l l e r i e s  s u g g e s t s  a m a r i n e  o r i g i n  f o r  t h e  
r a d i a x i a l  cements (M acin ty re ,  1977; Moore and Shedd, 1977) .  
T r a c e  e l e m e n t  and s t a b l e  i s o t o p e  d a t a  which a r e  p r e s e n t e d  
i n  f o l l o w i n g  s e c t i o n s  w i l l  s u p p o r t  a m a r i n e  o r i g i n  f o r  
Enewetak r a d i a x i a l  c a l c i t e .
Eguant Mosaic Cements
Equant c a l c i t e  mosaic  cements  (medium-coarsely  c r y s t a l l i n e )  
a r e  p r e s e n t  i n  many P l e i s t o c e n e  r o c k s  and  i n  c o r e  2 of 
t h e  E - l  w e l l .  In  most  c a s e s ,  e quan t  mosaic  cements p r e f e r ­
e n t i a l l y  f i l l  b i o c l a s t  m o lds  and i n t r a g r a n u l a r  v o i d s .  
E q u an t  c e m e n ts  commonly form in  m e te o r i c  (Po lk ,  1974) and 
d e e p e r  s u b s u r f a c e  env ironm en ts  (Moore and Druckman, 1981) .  
On E n e w e ta k ,  t h e  l o c a t i o n  o f  e q u a n t  m o s a ic  c e m e n ts  and  
t h e i r  common a s s o c i a t i o n  w i t h  e q u a n t - t o - b l a d e d  c e m e n t s  
a r e  c o n s i s t e n t  w i th  a m e te o r i c  o r i g i n .  T h e i r  uneven d i s t r i ­
b u t i o n  and common o c c u r re n c e  i n  i n t r a p a r t i c l e  v o id s  (where 
v a d o s e  w a t e r s  w ou ld  p r e f e r e n t i a l l y  r e s i d e )  s u g g e s t  t h a t
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e q u a n t  m o s a ic  cem en t  may a l s o  o f t e n  be p r e c i p i t a t e d  i n  
vadose env ironm en ts  (Dunham, 1971) .
TRACE ELEMENTS
D u r in g  cem en t  p r e c i p i t a t i o n ,  t r a c e  am o u n ts  o f  many 
d i f f e r e n t  c a t i o n s  a r e  i n c o r p o r a t e d  i n t o  c a l c i t e  in c lu d in g  
s t r o n t i u m ,  i r o n ,  manganese, z i n c ,  l e a d ,  sodium, p o ta s s iu m ,  
and m agnes ium .  The c o n c e n t r a t i o n  o f  t r a c e  e l e m e n t s  i n  
c a l c i t e  i s  d e p e n d e n t  on t h e  d i s t r i b u t i o n  c o e f f i c i e n t  of 
t h e  e lem ent  between t h e  s o l i d  and l i q u i d ,  and t h e  com pos i t ion  
of  t h e  f l u i d  p r e c i p i t a t i n g  t h e  cement.
For s e v e r a l  y e a r s ,  c a r b o n a t e  p e t r o l o g i s t s  and geo chem is ts  
have  a t t e m p t e d  t o  u s e  t r a c e  e l e m e n t s  t o  i n f e r  c h e m ic a l  
c o m p o s i t i o n s  o f  d i a g e n e t i c  w a t e r s  p r e c i p i t a t i n g  cem ents  
(Land e t  a l . ,  1975; Brand a n d v e i z e r ,  1980; Moore and Druckman, 
1 9 8 1 ) .  U n f o r t u n a t e l y ,  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  of  
most t r a c e  e le m e n ts  i n  c a l c i t e  (and do lom i te )  a r e  v a r i a b l e  
(Brand and V e i z e r ,  1980; Moore and Druckman, 1981; V e iz e r ,  
1 9 8 3 ) .  In  f a c t ,  e s t i m a t e s  o f  d i s t r i b u t i o n  c o e f f i c i e n t s  
o f t e n  v a r y  by a t  l e a s t  2 t o  3 t i m e s  and sometimes by an 
o r d e r  of magnitude (Brand a n d v e i z e r ,  1980; Moore and Druckman, 
1981; V e i z e r ,  1983) .  Recent  s t u d i e s  (Jacobson and Usdowski, 
1976 ;  B rand  and  V e i z e r ,  1 9 8 0 ;  Moore and  Druckman, 1981; 
L o r e n s ,  198 1 ;  B a k e r  e t  a l . , 1982) a r e  b e g in n in g  t o  shed 
l i g h t  on r e a s o n s  f o r  t h e  v a r i a b i l i t y  of d i s t r i b u t i o n  c o e f f i c ­
i e n t s  f o r  t r a c e  e le m e n t s  i n c o r p o r a t e d  i n t o  c a l c i t e .
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Trace e lem e n ts  examined in  t h i s  s tu d y  in c lu d e  magnesium, 
s t r o n t i u m ,  i r o n ,  m a n g a n e s e ,  and so d iu m .  E x t e n s i v e  d a ta  
r e g a r d i n g  t h e  s t r o n t i u m  and magnesium c o n c e n t r a t i o n s  of 
c a l c i t e  cements on Enewetak were compiled u s ing  an e l e c t r o n  
m i c r o p r o b e  ( s e e  A p p e n d ix  f o r  d e s c r i p t i o n  of  a n a l y t i c a l  
p r o c e d u r e ) . L i m i t e d  d a t a  on i r o n ,  m an g a n ese ,  and sodium 
c o n c e n t r a t i o n s  were a c q u i r e d  by a tomic  a b s o r p t i o n  s p e c t r o ­
pho tom etry .
S tron t ium
S t r o n t i u m  h a s  b e e n  e xam in ed  i n  many t r a c e  e l e m e n t
s t u d i e s  o f  c a r b o n a t e  d i a g e n e s i s  (Kinsman, 1969; Land e t
a l . ,  1975 ;  B rand  and  V e i z e r ,  19 8 0 ;  Moore and  Druckman,
1981 ;  and  many o t h e r s ) .  The d i s t r i b u t i o n  c o e f f i c i e n t  (D)
f o r  s t r o n t iu m  i n c o r p o r a t e d  i n t o  c a l c i t e  i s  v a r i a b l e  (Jacobson
and Usdowski, 1976; L oren s ,  1981) .  In  e x p e r im e n ta l  s t u d i e s ,
e s t i m a t e s  o f  D f o r  s t r o n t i u m  i n c o r p o r a t e d  i n  c a l c i t e  ( a t
25°C) range  from 0 .14  (Kinsman and H ol land ,  1969) t o  0.027
(Lorens ,  1981) w i th  o t h e r  s t u d i e s  (Katz e t  a l . ,  1972; Jacobson
and U sd o w sk i ,  1976) o b t a i n i n g  i n t e r m e d i a t e  v a l u e s .  The
l a r g e  d i s c r e p a n c y  in  D^al c ^t e  i s  p ro b a b ly  due t o  t h e  k i n e t i c s
Sr
of  c a l c i t e  p r e c i p i t a t i o n .  Both Jacobson  and Usdowski (1976)
and Lorens  (1981) found t h a t  DCal c *t e  i n c r e a s e d  w i th  i n c r e a s e d
Sr
r a t e  of c a l c i t e  p r e c i p i t a t i o n .  In  g e n e r a l ,  r a t e s  of  c a l c i t e  
p r e c i p i t a t i o n  i n  n a t u r a l  sys tems w i l l  be much s lower th an  
i n  m os t  e x p e r i m e n t a l  s y s t e m s .  T h e r e f o r e ,  i t  i s  p o s s i b l e
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t h a t  d a t a  from Enewetak may be u s e f u l  in  e m p i r i c a l l y  d e r i v i n g  
a p p r o x i m a t e  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  t r a c e  e lem e n ts  
( s p e c i f i c a l l y  s t r o n t i u m )  i n c o r p o r a t e d  i n t o  c a l c i t e s  i n  
n a t u r a l  sys tem s.
Mean s t r o n t i u m  c o n c e n t r a t i o n s  i n  Enewetak  c a l c i t e  
c e m e n ts  a r e  shown i n  T a b l e  2 .  S t r o n t i u m  c o n c e n t r a t i o n s  
in  Lower Miocene and Upper Eocene cements a r e  more c o n s i s t e n t  
t h a n  P l e i s t o c e n e  c a l c i t e  c e m e n ts  (F ig s .  22,  23 ,  and 24 ) .  
Some P l e i s t o c e n e  Enewetak cements  have l a r g e  p o i n t - t o - p o i n t  
s t r o n t iu m  v a r i a t i o n s  w h i l e  o t h e r s  do n o t  (F ig .  2 3 ) .  P l e i s t o c e n e  
c e m e n t s  show no d i s t i n c t  s t r o n t i u m  v a r i a t i o n s  r e l a t i v e  
t o  dep th  (F ig .  2 5 ) ;  however, Lower Miocene and Upper Eocene 
cements in  t h e  F - l  w e l l  do show a s l i g h t  tendency  f o r  s t r o n t iu m  
c o n c e n t r a t i o n s  t o  d e c r e a s e  w i th  dep th  (F ig .  2 6 ) .  In  P l e i s t o c e n e  
cements ,  t h e r e  a r e  some d i s t i n c t  t r e n d s  i n  s t r o n t iu m  concen­
t r a t i o n s  r e l a t i v e  t o  cement d i s t r i b u t i o n  and cement morphology 
(Table  2) . P l e i s t o c e n e  i n c l u s i o n - r i c h  b laded  cements  g e n e r a l l y  
have  s t r o n t i u m  c o n c e n t r a t i o n s  s l i g h t l y  g r e a t e r  t h a n  c l e a r  
b laded  cements (F ig .  2 3 ) .
Magnesium
Magnesium c o n c e n t r a t i o n s  a r e  a l s o  commonly ana lyzed  
i n  t r a c e  e l e m e n t  s t u d i e s  o f  c a r b o n a t e  r o c k s  (Benson e t  
a l . ,  1972 ;  B ran d  a n d  V e i z e r ,  198 0 ;  Moore and  Druckman, 
1981; and o t h e r s ) .  U n f o r t u n a t e ly  e x p e r im e n ta l  d i s t r i b u t i o n  
c o e f f i c i e n t s  f o r  magnesium i n  c a l c i t e  a t  25°C a r e  q u i t e
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TABLE 2  : GEOCHEMISTRY OF ENEWETAK CEMENTS
Mean Sr 
Concentration
(weight% ±lo)
Mean Mg 
Concentration
(weight% ±la)
Pleistocene LMC Cements
Upper Eocene, F-l Well 
Autochthonous fibrous 0.031 ± 0.002
Echinoderm overgrowths 0.025 ± 0.008
0.029 ± 0.007
Allochthonous fibrous 
and bladed
Core 2, E-l Well
Equant-to-bladed 0.028 ± 0.007
Echinoderm overgrowths 0.032 ± 0.006 
Core 3, E-l Well
0.540 ± 0.120 
0.460 ± 0.140
0.460 ± 0.090
0.394 ± 0.110 
0.587 ± 0.135
Number 
of Points 
Analyzed
General sparry cement 0.060 + 0.017 0.236 + 0.061 (4131)
Intergranular 0.045 + 0.012 0.214 + 0.062 (2259)
Intragranular 0.081 + 0.026 0.271 + 0.061 (1377)
Bladed 0.047 + 0.013 0.172 + 0.076 (621)
Equant-to-bladed 0.052 + 0.014 0.240 + 0.056 (2547)
Equant mosaic 0.090 0.038 0.239 + 0.034 (351)
Echinoderm overgrowths 0.077 + 0.024 0.428 + 0.062 (63)
Lower Miocene, F-l Well
Fibrous cement 0.034 + 0.008 0.710 + 0.020 (27)
Radiaxial calcite 0.033 + 0.006 0.820 + 0.100 (1700)
Echinoderm overgrowths 0.034 + 0.011 0.781 + 0.133 (99)
Sparry, soil-related (?) 
cements in upper part 
of F-l core 3 0.038 + 0.011 0.471 + 0.051 (45)
(27)
(126)
(36)
(36)
(18)
Bladed cements 0.029 ± 0.006 0.359 ± 0.035 ( 7 2 )
Note: Above data based on electron microprobe analyses
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F ig u re  22.
H i s t o g r a m  show ing  s t r o n t i u m  c o n c e n t r a t i o n s  i n  Enewetak 
c a l c i t e  cements .  Data from e l e c t r o n  m icroprobe  a n a l y s e s .
Fr
eq
ue
nc
y 
F
re
qu
en
cy
J a
0 0.02 a04 0.06 0j08 0.10
STRONTIUM CONCENTRATIONS OF 
ENEWETAK CEMENTS
R adiaxial C alcite, Lower M iocene F -1  Well
Wt. % Sr
P le is to c e n e  C alcite C em en ts
0 002 004 006  008  0.10 0.12 0.14 0.16 0.18 020  0.22 0.24 0.26 028  0.30 0.32
Wt. % Sr V£>
95
F ig u re  23.
E le c t r o n  m icroprobe  t r a v e r s e s  of P l e i s t o c e n e  c a l c i t e  cements.  
L oca t io n  of t r a v e r s e  A-A' i s  shown in  F ig u r e  16d. Loca t ion  
o f  t r a v e r s e  C-C' i s  shown in  F ig u re  15e. Data from p o i n t  
a n a l y s e s .  Note  i n  A-A1 t h a t  s t r o n t iu m  c o n c e n t r a t i o n s  a r e  
g e n e r a l l y  h i g h e r  i n  t h e  p r o x i m a l  i n c l u s i o n - r i c h  p o r t i o n s  
o f  t h e  b l a d e d  cement .  In  B-B ' ,  n o te  e x t rem e ly  v a r i a b l e  
s t r o n t iu m  c o n c e n t r a t i o n s  bu t  r e l a t i v e l y  c o n s i s t e n t  magnesium 
c o n c e n t r a t i o n s .  I n  C-C'  and D-D1, n o t e  h i g h  magnesium 
c o n c e n t r a t i o n s  i n  p rox im al  p o r t i o n s  of  cements .
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TRAVERSES OF PLEIS TO C EN E CALCITE CEMENTS
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F ig u re  24.
E l e c t r o n  m i c r o p r o b e  t r a v e r s e s  of Lower Miocene and Upper 
Eocene c e m e n t s .  L o c a t i o n  o f  t r a v e r s e  A-A' i s  shown in  
F i g u r e  2 0 e f B-B' i n  F i g u r e  18b ,  and C-C' in  F ig u re  20b. 
In  C - C ' , Mg c o m p o s i t io n  f o r  i n d i v i d u a l  cement bands r e p r e s e n t  
means ( ± l a )  of  9 d i f f e r e n t  p o i n t  a n a l y s e s .  Data in  A -A ' , 
B -B ' ,  and D-D' r e p r e s e n t  p o i n t  a n a l y s e s .  In A-A' and C -C ' ,  
n o te  t h a t  c l e a r  r a d i a x i a l  sp a r  t e n d s  t o  have h i g h e r  magnesium 
c o n c e n t r a t i o n s  t h a n  i n c l u s i o n - r i c h  p a r t s .  In  A-A1 and 
D-D ',  n o te  g e n e r a l  d e c r e a s e s  i n  magnesium w i th  growth away 
from g r a i n s .  In  B - B ' ,  n o te  l a r g e  v a r i a t i o n s  i n  magnesium 
in  c l e a r  cement.  In  A -A ' , B - B ' , and C - C ' , n o te  t h e  c o n s i s t e n c y  
of  s t r o n t iu m  c o n c e n t r a t i o n s .
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F ig u re  25.
S t ron t iu m  c o n c e n t r a t i o n  v e r s u s  dep th  in  P l e i s t o c e n e  c a l c i t e  
cements from t h e  XRI-1, XAR-1, and XEN-1 w e l l s .  Data  from 
e l e c t r o n  m icroprobe  a n a l y s e s .
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F ig u re  26.
S t ron t iu m  c o n c e n t r a t i o n s  i n  c a l c i t e  cements  of  Lower Miocene 
and Upper Eocene  s t r a t a  o f  t h e  F - l  w e l l .  Note a s l i g h t  
d e c r e a s e  in  magnesium c o n c e n t r a t i o n  w i th  d e p th .  Data from 
e l e c t r o n  m icroprobe  a n a l y s e s .
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STRONTIUM CONCENTRATION OF CEMENTS IN THE F - l  WELL
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v a r i a b l e  ( D C a l c i t e  _ 0 .0 1 3  -  0 .06 0 ;  Winland,  1969; Katz ,
Mg
1973 ;  V e i z e r ,  1 9 8 3 ) .  E x p e r i m e n t a l  work by Katz  (1973)
shows t h a t  DCal c *t e  i s  t e m p e r a tu r e  dependen t .  Lorens (1981)
Mg
concluded t h a t  i f  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  of an e lement  
i s  l e s s  th a n  1 . 0 ,  t h a t  d i s t r i b u t i o n  c o e f f i c i e n t  w i l l  i n c r e a s e
w i t h  an in c r e a s e d  r a t e  of c a l c i t e  p r e c i p i t a t i o n .  DCal c i t e
Mg
i s  c e r t a i n l y  l e s s  t h a n  1 . 0 .  A r e - e v a l u a t i o n  o f  K a t z ' s  
Mg (1973) d a t a  a l s o  i n d i c a t e s  t h a t  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  
of  magnesium f o r  h i s  e x p e r im e n ta l  c a l c i t e s  i n c r e a s e d  w i th  
i n c r e a s e d  r a t e s  of  c a l c i t e  p r e c i p i t a t i o n  in  h i s  e x p e r im e n ts .
F o r t u n a t e l y  t h e  d i f f e r e n c e  i n  Mg2+/ C a 2+ r a t i o s  i n  
f r e s h  and m ar in e  w a t e r s  and s u b s u r f a c e  b r i n e s  can be more 
t h an  an o rd e r  of m agni tude .  North American r i v e r  (m eteor ic )  
w a te r s  have Mg2+/C a 2+ molar  r a t i o s  o f  0 .082 -  0 .89  ( L iv in g s to n e ,  
1 9 6 3 ) .  Ocean w a t e r  h a s  a Mg2+/ C a 2+ r a t i o  of  5 .3  (Ri ley  
and S k i r r o w ,  1965) . T h e o r e t i c a l l y ,  s u b s u r f a c e  b r i n e s  may 
have  e x t r e m e l y  v a r i a b l e  Mg2 +/ C a 2 +  r a t i o s ,  how ever ,  most 
s u b s u r f a c e  b r i n e s  h a v e  q u i t e  low Mg2+/ C a 2+ r a t i o s .  For 
e x a m p le ,  s u b s u r f a c e  G u l f  C o a s t  b r i n e s  f rom t h e  J u r a s s i c  
Smackover  F o r m a t i o n  h a v e  Mg2+/C a 2+ r a t i o s  o f  0 .05  -  0 .52 
( C o l l i n s ,  1974) . Hence, magnesium l e v e l s  i n  c a l c i t e s  may 
be u s e f u l  a s  a t o o l  t o  h e lp  d i s t i n g u i s h  some environm ents  
of  cement p r e c i p i t a t i o n .
Mean m a g n e s iu m  c o n c e n t r a t i o n s  o f  C e n o z o ic  c a l c i t e  
cements from Enewetak a r e  shown in  T ab le  2 .  C a l c i t e  cements 
i n  P l e i s t o c e n e  s t r a t a  have d i s t i n c t l y  lower magnesium concen­
t r a t i o n s  th an  r a d i a x i a l  c a l c i t e s  and most  o t h e r  Lower Miocene
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and Upper Eocene  c e m e n t s  ( F i g .  2 7 ;  T a b l e  2 ) .  Magnesium 
c o n c e n t r a t i o n s  i n  s p a r r y  P l e i s t o c e n e  cements have no s i g n i f i c a n t  
c o r r e l a t i o n  w i th  d e p th  (F ig .  2 8 ) ;  whereas  magnesium concen­
t r a t i o n s  o f  cements i n  Lower Miocene and Upper Eocene s t r a t a  
o f  t h e  F - l  w e l l  g e n e r a l l y  d e c r e a s e  w i th  d e p th  (F ig .  29) . 
I n c l u s i o n - r i c h  r a d i a x i a l  c a l c i t e  a lo n e  has  a b e t t e r  i n v e r s e  
c o r r e l a t i o n  b e tw e e n  magnesium and d e p th  (r  = -0 .8 2 )  th a n  
c om bined  c l e a r  and  i n c l u s i o n - r i c h  r a d i a x i a l  c a l c i t e  (r 
= - 0 . 5 8 ;  F ig .  30) .
C l e a r  r a d i a x i a l  c a l c i t e s  c o n s i s t e n t l y  h av e  h i g h e r  
m a g n e s iu m  c o n c e n t r a t i o n s  t h a n  i n c l u s i o n - r i c h  r a d i a x i a l  
s p a r s  (T a b le  3 ;  F ig .  24;  V i d e t i c h ,  198 2 ) .  I t  shou ld  a l s o  
be n o ted  t h a t  t h e r e  a r e  s i g n i f i c a n t  v a r i a t i o n s  i n  magnesium 
c o n c e n t r a t i o n s  w i t h i n  c l e a r  r a d i a x i a l  c a l c i t e s  (F ig .  24) . 
C le a r  and i n c l u s i o n - r i c h  p a r t s  of P l e i s t o c e n e  b laded  cements  
have  no s y s t e m a t i c  d i f f e r e n c e s  i n  magnesium c o n c e n t r a t i o n  
(F ig .  23) .
Magnesium c o n c e n t r a t i o n s  i n  r a d i a x i a l  c a l c i t e s  t e n d  
t o  d e c r e a s e  away from o r i g i n a l  v o id  w a l l s  (Table 3;  F ig .  2 4 ) ;  
however , t h a t  tendency  i s  o f t e n  obscu red  by magnesium v a r i a t i o n s  
superimposed by a l t e r n a t i n g  c l e a r  and i n c l u s i o n - r i c h  s p a r s .  
In  some P l e i s t o c e n e  LMC cements ,  t h e  magnesium c o n c e n t r a t i o n s  
i n  t h e  p r o x i m a l  p o r t i o n s  o f  c e m e n t s  a r e  r e l a t i v e l y  h igh  
and d e c r e a s e  away f rom g r a i n s  ( F i g .  2 3 ) ;  h o w e v e r ,  most  
s p a r r y  LMC P l e i s t o c e n e  cements have no c o n s i s t e n t  p a t t e r n  
of  magnesium c o n c e n t r a t i o n  w i th  growth (F ig .  2 3 ) .  L ikew ise ,  
f i b r o u s  and b lad ed  cements  in  Lower Miocene and Upper Eocene
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F i g u r e  2 7 .  H i s t o g r a m  show ing  magnesium c o n c e n t r a t i o n s  
i n  Enewetak  c e m e n t s .  Note  t h a t  m os t  r a d i a x i a l  c a l c i t e  
c e m e n ts  c o n ta in  d i s t i n c t l y  more magnesium th a n  P l e i s t o c e n e  
c a l c i t e  cements .  Data from e l e c t r o n  microprobe  a n a l y s e s .
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F ig u r e  28.
Magnesium c o n c e n t r a t i o n  v e r s u s  dep th  f o r  P l e i s t o c e n e  c a l c i t e  
c e m e n t s  i n  t h e  X R I-1 ,  XAR-1, and XEN-1 w e l l s .  Data  from 
e l e c t r o n  m icroprobe  a n a l y s e s .
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F ig u re  29. Magnesium c o n c e n t r a t i o n  v e r s u s  dep th  f o r  c a l c i t e  
cements in  t h e  F - l  w e l l .  Note t h a t  magnesium c o n c e n t r a t i o n s  
t e n d  t o  d e c r e a s e  w i t h  d ep th  below 375 m in  t h e  F - l  w e l l .  
Data from e l e c t r o n  m icroprobe  a n a l y s e s .
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MAGNESIUM CONCENTRATION OF CEMENTS IN THE F - l  WELL
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F ig u re  30.
Magnesium c o n c e n t r a t i o n s  v e r s u s  dep th  f o r  r a d i a x i a l  cements.  
Note  t h a t  magnesium c o n c e n t r a t i o n s  i n  r a d i a x i a l  cements 
t e n d  t o  d e c r e a s e  w i t h  d e p t h  ( i n  m e t e r s ) .  I n c l u s i o n - r i c h  
r a d i a x i a l  c e m e n t s  ( t r i a n g l e s )  d i s p l a y  t h e  most c o n s i s t e n t  
magnesium c o n c e n t r a t i o n s  and hav e  t h e  b e s t  c o r r e l a t i o n  
b e tw e e n  magnesium c o n c e n t r a t i o n  and  d e p t h  ( r  = - 0 . 8 2 ) .  
C l e a r  r a d i a x i a l  c e m e n t s  h av e  l e s s  c o n s i s t e n t  magnesium 
c o n c e n t r a t i o n s  and p o o r e r  c o r r e l a t i o n  b e tw ee n  magnesium 
and d ep th  (r  = -0 .5 6 )  . Data from e l e c t r o n  m icroprobe  a n a l y s e s .
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TABLE 3
Strontium and Magnesium Concentrations of 
Radiaxial Calcites
n
General radiaxial calcite 69
1. Clear 36
2. Slightly inclusion-rich 7
3. Inclusion-rich 25
4. First bands 15
5. Second bands 17
6. Third bands 15
Mean Sr Mean Mg
(wt. % :± 1 a  ) (wt. % ± 1 a)
0.033 + 0.009 0.799 + 0.280
0.032 + 0.010 0.921 + 0.295
0.037 + 0.007 0.772 + 0.189
0.032 + 0.006 0.642 + 0.188
0.037 + 0.007 0.893 + 0.280
0.035 + 0.007 0.893 + 0.322
0.029 + 0.008 0.679 + 0.191
Notes: (1) Above Sr and Mg data from electron microprobe analyses.
(2) "n" is the number of samples analyzed.
(3) More inclusion-rich bands generally contain less 
magnesium than clear bands.
(4) Earlier, more proximal cements (first bands) generally 
contain more magnesium than later, more distal cements 
(third bands).
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s t r a t a  show no c o n s i s t e n t  change toward t h e  c e n t e r  of v o i d s .  
E ch in o d e rm  o v e r g r o w t h s  i n  P l e i s t o c e n e  s t r a t a  and Upper 
Eocene  s t r a t a  o f  t h e  F - l  w e l l  f r e q u e n t l y  have d e c r e a s in g  
magnesium c o n c e n t r a t i o n s  away from t h e  o r i g i n a l  echinoderm 
f r a g m e n t  (F ig .  2 4 ) .  While magnesium in  r a d i a x i a l  c a l c i t e s  
shows a s l i g h t  c o r r e l a t i o n  t o  s t r o n t iu m  (r  = 0.44) , P l e i s t o c e n e  
LMC cements show no s i g n i f i c a n t  c o r r e l a t i o n  between magnesium 
and s t r o n t iu m  (F ig .  31 and 32) .
I ro n  and Manganese
I r o n  and m a n g a n ese  c o n c e n t r a t i o n s  a r e  o f t e n  examined 
i n  c o n j u n c t i o n  w i t h  ca thodo lum inescence  t o  h e lp  d e te rm ine  
cem ent  s t r a t i g r a p h y  in  a n c i e n t  c a r b o n a t e  sequences  (Frank 
e t  a l . , 19 8 2 ;  G r o v e r  and  Read, 1983) .  In o t h e r  s t u d i e s ,  
v a r i a t i o n s  of  i r o n  and manganese c o n c e n t r a t i o n s  in  cements 
and  g r a i n s  hav e  b e e n  u se d  i n  a t t e m p t s  t o  r e c o n s t r u c t  t h e  
d i a g e n e t i c  h i s t o r y  o f  c a r b o n a t e  r o c k s  ( P i n g i t o r e ,  1978; 
B rand  and  V e i z e r ,  1 9 8 0 ;  Moore and Druckman, 1981; Moore, 
1984) .
A n c i e n t  c a r b o n a t e s  o f t e n  have d i s t i n c t l y  h ig h e r  i r o n  
and manganese c o n c e n t r a t i o n s  t h a n  modern c a r b o n a te  sed im en ts  
(Brand and V e i z e r ,  19 80 ) .  Modern, sh a l lo w  m arine  c a rb o n a te  
sed im en ts  g e n e r a l l y  have i r o n  c o n c e n t r a t i o n s  o f  a p p ro x im a te ly  
10 -  100 ppm and m an g a n ese  c o n c e n t r a t i o n s  of 0 -  80 ppm 
( S t e h l i  and Hower,  196 1 ;  M i l l i m a n ,  1 9 7 4 ) .  I n  c o n t r a s t ,  
many a n c i e n t  c a r b o n a t e s  hav e  i r o n  i n  e x c e s s  o f  200 ppm
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F ig u re  31.
S t r o n t i u m  v e r s u s  magnesium c o n c e n t r a t i o n  f o r  P l e i s t o c e n e  
c a l c i t e  c e m e n t s  o f  t h e  X R I-1 ,  XAR-1, and XEN-1 w e l l s .  
Data from e l e c t r o n  m icroprobe  a n a l y s e s .
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F ig u r e  32.
S t r o n t i u m  v e r s u s  magnesium c o n c e n t r a t i o n  f o r  r a d i a x i a l  
c a l c i t e s  i n  Lower M iocene  s t r a t a  o f  t h e  F - l  w e l l .  Data 
from e l e c t r o n  m icroprobe  a n a l y s e s .
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and manganese in  e x c e s s  of  100 ppm (Brand and V e i z e r ,  1980; 
Frank e t  a l . ,  1982; Grover and Read, 1983) .  These changes 
s u g g e s t  t h a t  i r o n  and manganese c o n c e n t r a t i o n s  may be powerfu l  
t o o l s  in  u n r a v e l in g  t h e  d i a g e n e t i c  h i s t o r y  of many c a rb o n a te  
ro ck s .
As w i t h  o t h e r  t r a c e  e l e m e n t s ,  i n c o r p o r a t i o n  of  i r o n  
and manganese i n t o  c a l c i t e  i s  dependent  on t h e  c o n c e n t r a t i o n  
o f  t h o s e  e l e m e n t s  i n  t h e  p r e c i p i t a t i n g  f l u i d  and t h e i r  
d i s t r i b u t i o n  c o e f f i c i e n t s .  O x id a t io n  s t a t e  p l a y s  an im p o r ta n t  
p a r t  i n  d e te r m in in g  t h e  amount of i r o n  and manganese t h a t  
a r e  i n c o r p o r a t e d  i n t o  c a l c i t e  becau se  i r o n  and manganese 
can occur  in  d i f f e r e n t  o x i d a t i o n  s t a t e s  (Fe2+ , Fe^+ , Mn^*, 
Mn^+, Mn4+) . Only t h e  reduced  s t a t e s  of  i r o n  and manganese 
(Fe2+ , Mn^+J w i l l  r e a d i l y  s u b s t i t u t e  f o r  Ca%+ in  c a l c i t e .
As w i th  o t h e r  t r a c e  e le m e n t s ,  d i s t r i b u t i o n  c o e f f i c i e n t s  
f o r  i r o n  and m an g a n ese  a r e  q u i t e  v a r i a b l e .  Exper imenta l  
d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  i r o n  (D ^ a lc i t e )  a r e  between 
1 and 20 (V e iz e r ,  1983) . Exper im enta l  d i s t r i b u t i o n  c o e f f i c i e n t  
f o r  m anganese  ( D ^ l c i t e ) r a n g e  f rom 5 .4  t o  30 ( L o r e n s ,
1 9 8 1 ) .  L o re n s  (1981) d e m o n s t r a t e s  t h a t  i n c r e a s e d  r a t e
o f  c a l c i t e  p r e c i p i t a t i o n  d e c r e a s e s  t h e  D ^ a l c i t e .  Lorens
Mn
(1981) c o n c lu d es  t h a t  f o r  e le m e n ts  whose D > 1 . 0 ,  d e c rea se d  
r a t e s  of  c a l c i t e  p r e c i p i t a t i o n  w i l l  i n c r e a s e  t h e  d i s t r i b u t i o n  
c o e f f i c i e n t  of t h o s e  e le m e n t s .  T h e r e f o r e ,  Dcj*lc i fce shou ld  
a l s o  i n c r e a s e  w i th  d e c r e a s i n g  r a t e  of c a l c i t e  p r e c i p i t a t i o n .
Only f i v e  samples of  cement from Enewetak were an a lyzed  
f o r  i r o n  and m an g a n ese  (2 s a m p le s  f rom t h e  P l e i s t o c e n e
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and 3 samples  from t h e  Lower Miocene of  t h e  F - l  w e l l ;  Table  
4) . A l l  f i v e  samples show c o n s i s t e n t l y  low manganese concen­
t r a t i o n s  (7 -  15 ppm). I r o n  c o n c e n t r a t i o n s  in  two P l e i s t o c e n e  
c e m e n t s  (17 -  40 ppm) a r e  s i g n i f i c a n t l y  lower  t h a n  in  t h e  
3 s a m p le s  o f  Lower M iocene  cem ent  (78 -  137 ppm; T a b le  
4) .
Manganese c o n c e n t r a t i o n s  in  t h e s e  cements  do no t  change 
s i g n i f i c a n t l y  r e l a t i v e  t o  modern c a r b o n a te  s e d im e n ts ,  Nor 
do th ey  e x h i b i t  any c l e a r  r e l a t i o n s h i p  t o  s t r o n t iu m  concen­
t r a t i o n  in  t h e s e  cements  (Table 4 ) .  In  P l e i s t o c e n e  s t r a t a  
o f  E n e w e ta k ,  c e m e n t s  show no d i s t i n c t  e n r ichm en t  i n  i r o n  
r e l a t i v e  t o  modern s e d im e n ts .  In  c o n t r a s t ,  t h e  i r o n  concen­
t r a t i o n  i n  Lower Miocene cements does  a p pea r  t o  be s l i g h t l y  
g r e a t e r  t h a n  most  m ar ine  sed im en ts  and P l e i s t o c e n e  cements 
( T a b le  4 ) .  T h e r e  a p p e a r s  t o  be an  i n v e r s e  c o r r e l a t i o n  
b e t w e e n  i r o n  c o n c e n t r a t i o n  and  s t r o n t i u m  c o n c e n t r a t i o n  
i n  Enewetak cements (Table  4 ) .
D i s c u s s io n  of Trace E lements
B e c a u se  d i s t r i b u t i o n  c o e f f i c i e n t s  o f  t r a c e  e lem en ts  
i n  c a l c i t e  a r e  so  v a r i a b l e ,  i t  i s  o f t e n  d i f f i c u l t  t o  use 
t r a c e  e l e m e n t s  a s  i n d i c a t o r s  o f  d i a g e n e t i c  env ironm en ts .  
However, when combined w i th  o t h e r  d a t a ,  t r a c e  e lem en t  concen­
t r a t i o n s  can  g i v e  s u b s t a n t i a l  i n s i g h t  i n t o  g e o c h e m ic a l  
c h a n g e s  i n  d i a g e n e t i c  w a t e r s  t h r o u g h  t i m e ,  r e l a t i v e  t o  
dep th  (or  b u r i a l ) , and r e l a t i v e  t o  o t h e r  nearby  p o r e s .
1 2 1
TABLE 4
ELEMENTAL ANALYSES OF ENEWETAK CEMENTS
Pleistocene calcite cements
Coarse, equant-to-bladed 
(XAR-1; 71.3 m)
Travertine (XRI-1; 72.4 m)
Lower Miocene cements (F-l Well)
Radiaxial calcite 
(F-l; 607 m)
Radiaxial calcite 
(F-l? 815 m)
Fine-to-medium crystalline 
bladed cement replacing coral 
(F-l; 818 m)
Mg Sr
PPm
Fe Mn Na
2180 1042 17 7
425 540 40 11 88
8395 347 131 9 328
5890 257 137 9 302
7768 236 78 15 197
Note: Above data based on atomic absorption spectrophotometry.
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S t ro n t ium
S t r o n t i u m  c o n c e n t r a t i o n s  a r e  r e l a t i v e l y  c o n s i s t e n t  
i n  c a l c i t e  c e m e n ts  i n  C e n o z o ic  s t r a t a  on Enewetak.  The 
mean s t r o n t i u m  c o n c e n t r a t i o n s  o f  Lower Miocene r a d i a x i a l  
c a l c i t e s  and Upper Eocene c o a r s e  b laded  and e q u a n t - to - b l a d e d  
c e m e n t s  a r e  b e tw e e n  0 .0 2 5  and 0 .0 3 5  w e i g h t  % Sr (T ab le  
2) . I n  a d d i t i o n ,  t h e  modal s t r o n t i u m  c o n c e n t r a t i o n  o f  
P l e i s t o c e n e  c a l c i t e  cements  i s  a p p ro x im a te ly  0 .030  weight  
% Sr ( F i g .  22) . E x c e p t  f o r  P l e i s t o c e n e  c a l c i t e  cements ,  
t h e  s t a n d a r d  d e v i a t i o n s  ( l a )  o f  s t r o n t iu m  c o n c e n t r a t i o n s  
a r e  l e s s  t h a n  0 .012 w e ig h t  % Sr ;  however,  s t r o n t iu m  concen­
t r a t i o n s  in  P l e i s t o c e n e  LMC cements a r e  q u i t e  v a r i a b l e .
S t ro n t iu m  c o n c e n t r a t i o n s  i n  P l e i s t o c e n e  c a l c i t e  cements 
i n c r e a s e  s y s t e m a t i c a l l y  w i t h  c r y s t a l  w i d t h  (T a b le  2 ) .  
Bladed cements  g e n e r a l l y  have t h e  l o w e s t  m ean  s t r o n t i u m  
c o n c e n t r a t i o n  and e q u an t  mosaic  cements  t h e  h i g h e s t  (Table  
2 ) .  As c i  r c u l a t i o n  of  d i a g e n e t i c  f l u i d s  deer  e a s e s ,  a d i a g e n e t i c  
s y s t e m  s h o u l d  become more  s t a g n a n t  and  t h e  g ro w th  r a t e  
of cement c r y s t a l s  sh o u ld  become s lo w e r .  As c r y s t a l  growth 
s l o w s ,  c e m e n ts  sh o u ld  become l e s s  f i b r o u s  and more equan t  
(Kendal l  and Broughton ,  1978) .  T h e r e f o r e ,  h ig h e r  s t r o n t iu m  
c o n c e n t r a t i o n s  and g r e a t e r  c r y s t a l  w i d t h  i n  P l e i s t o c e n e  
c a l c i t e  cements can p r o b a b ly  be c o r r e l a t e d  t o  p r e c i p i t a t i o n  
i n  more c lo s e d  and s t a g n a n t  d i a g e n e t i c  sy s te m s .  I n t r a g r a n u l a r
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v o i d s  s h o u l d  hav e  more  r e s t r i c t e d  c i r c u l a t i o n  t h a n  most 
i n t e r g r a n u l a r  v o i d s ;  t h e r e f o r e  h i g h  s t r o n t iu m  c o n c e n t r a ­
t i o n s  i n  i n t r a g r a n u l a r  c e m e n ts  i s  a l s o  c o n s i s t e n t  w i t h  
t h e  n o t i o n  t h a t  s t r o n t i u m  c o n c e n t r a t i o n s  a r e  h i g h e r  i n  
more  s t a g n a n t  (more c lo s e d )  d i a g e n e t i c  sys tems (Brand and 
V e iz e r ,  1980) .
In Lower Miocene and Upper Eocene s t r a t a  of Enewetak, 
t h e  low and r e l a t i v e l y  c o n s i s t e n t  s t r o n t iu m  c o n c e n t r a t i o n s  
of  cements s u g g e s t  p r e c i p i t a t i o n  in  sys tems w i th  c o n s i s t e n t l y  
open c i r c u l a t i o n .  Most cements i n  Lower Miocene and Upper 
Eocene  s t r a t a  o f  t h e  F - l  w e l l  e x h i b i t  a s l i g h t  d e c re a se  
i n  s t r o n t i u m  c o n c e n t r a t i o n s  w i t h  d e p t h  ( F i g .  2 6 ) .  That 
d e c r e a s e  may w e l l  be r e l a t e d  t o  d e c r e a s e s  t e m p e r a t u r e s  
and  c a l c i t e  s a t u r a t i o n  w i th  de p th  in  t h e  F - l  w e l l .  These 
p o s s i b i l i t i e s  w i l l  be d i s c u s s e d  in  d e t a i l  in  l a t e r  s e c t i o n s .
Magne.s.i.um
Magnesium c o n c e n t r a t i o n s  show some d i s t i n c t  l a r g e - s c a l e  
v e r t i c a l  v a r i a t i o n s  i n  C e n o z o ic  l i m e s t o n e s  on Enewetak  
a s  w e l l  a s  more s u b t l e ,  i n t e r n a l  v a r i a t i o n s .  P l e i s t o c e n e  
c e m e n ts  hav e  q u i t e  low magnesium c o n c e n t r a t i o n s ;  whereas 
r a d i a x i a l  c a l c i t e s  i n  Miocene s t r a t a  have r e l a t i v e l y  high  
magnesium c o n c e n t r a t i o n s .  In  a d d i t i o n ,  magnesium concentra t ions  
i n  c e m e n t s  g e n e r a l l y  d e c r e a s e  w i th  dep th  in  Lower Miocene 
and Upper Eocene s t r a t a  of t h e  E - l  and F - l  w e l l s .
The low magnesium c o n c e n t r a t i o n s  o f  P l e i s t o c e n e  b la d e d ,
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e q u a n t - t o - b l a d e d  and e q u an t  mosaic  cements  s u p p o r t  a m e te o r i c  
o r i g i n  f o r  t h o s e  P l e i s t o c e n e  cements .  In  P l e i s t o c e n e  s t r a t a ,  
t h e  mean Mg/Ca molar  r a t i o  f o r  s p a r r y  n o n - f i b r o u s  cements
i s  0 .0 0 3 6  ( T a b l e  4 ) .  Using t h e  Y C a l c i t e  Qf  Katz (1973)Mg
a t  25°C ( 0 . 0 5 7 ) ,  a Mg2+/ C a 2+ r a t i o  (m o la r )  o f  0 .0 6 3  i s  
c a l c u l a t e d  f o r  w a t e r s  p r e c i p i t a t i n g  cements  w i th  a Mg/Ca 
r a t i o  of 0 .00 3 6 .  Using W in la n d ' s  (1969) D^g^c;*-t e  of 0 .0 2 ,  
a Mg2+/C a 2+ (molar) r a t i o  of 0 .18  i s  c a l c u l a t e d  f o r  w a te r s  
p r e c i p i t a t i n g  cements  w i th  a Mg/Ca r a t i o  o f  0 .0036 .  According 
t o  L iv in g s to n e  (1963) , North American r i v e r  w a te r s  commonly 
have Mg/Ca r a t i o s  of  0 .089  -  0 .8 9 .  On B arbados ,  most m e te o r i c  
g roundwate rs  in  P l e i s t o c e n e  l im e s t o n e s  have Mg2+/ca2+ molar 
r a t i o s  b e tw e e n  0 .0 5  and 0 .2 0  ( H a r r i s ,  1971) .  T h e re fo re ,  
t h e  magnesium c o n c e n t r a t i o n s  o f  s p a r r y  P l e i s t o c e n e  cements 
a r e  i n d i c a t i v e  of  c a l c i t e  p r e c i p i t a t i o n  from m e te o r i c  w a t e r s .  
T his  c o n c lu s io n  i s  s u p p o r t e d  by t h e  morphology and d i s t r i b u t i o n  
o f  P l e i s t o c e n e  e q u a n t - t o - b l a d e d  and e q u an t  mosaic  cements 
( see  D i s c u s s io n  of cement p e t r o g r a p h y ) . The mean magnesium 
c o n t e n t  o f  b l a d e d  c em en ts  i s  even l e s s  t h a n  t h e  mean f o r  
o t h e r  s p a r r y  c e m e n t s ,  s u g g e s t i n g  t h a t  b l a d e d  cements in  
P l e i s t o c e n e  s t r a t a  a r e  m e te o r i c  i n  o r i g i n  (Table  2 ) .  The 
low magnesium c o n c e n t r a t i o n s  o f  e q u a n t - t o - b l a d e d  cements 
i n  c o r e  2 o f  t h e  E - l  w e l l  a l s o  s u g g e s t  p r e c i p i t a t i o n  in  
m e te o r i c  w a t e r s .
R a d i a x i a l  c a l c i t e s  have magnesium c o n c e n t r a t i o n s  t h a t  
a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  P l e i s t o c e n e  cements ,  su g g e s t i n g  
t h a t  t h e y  a r e  n o t  m e te o r i c  i n  o r i g i n  (F ig .  27) . However,
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t h e  magnesium c o n c e n t r a t i o n s  i n  t h e  r a d i a x i a l  s p a r s  a r e  
w e l l  be low HMC cem en ts  p r e c i p i t a t e d  i n  r e l a t i v e l y  sha l low 
m a r in e  w a t e r s  (Moore,  1 9 7 3 ;  M i l l im an ,  1974; James e t  a l , 
1976 ;  Jam es  and  G i n s b u r g ,  1 9 7 9 ;  Land and  Moore , 1 9 8 0 ) .  
The magnesium c o n c e n t r a t i o n s  of  r a d i a x i a l  cements ( u s u a l ly  
2-4 mole % MgCOj) a r e  s i m i l a r  t o  deep m ar ine  c a l c i t e  cements 
o f  S c h l a g e r  and James (1978) which c o n ta in  3 .5  -  5 .0  mole 
% MgCOj. s i m i l a r  magnesium c o n c e n t r a t i o n s  have a l s o  been 
r e p o r t e d  in  mixing zone cements  (Moore, 1977) .
I n  r a d i a x i a l  c a l c i t e s ,  magnesium d e c r e a s e s  r e l a t i v e  
t o  (1) d e p t h ,  (2) abundance of i n c l u s i o n s ,  and (3) growth 
i n t o  t h e  m i d d l e  o f  v o i d s .  These s y s t e m a t i c  d e c r e a s e s  in  
magnesium might  be a t t r i b u t e d  t o  e i t h e r  of two fu n dam en ta l ly  
d i f f e r e n t  p r o c e s s e s .  D i f f e r e n t  magnesium c o n c e n t r a t i o n s  
c o u ld  be due t o  a d i f f e r e n t i a l  l o s s  of  magnesium from HMC 
c e m e n ts  ( V i d e t i c h ,  1 9 8 2 ) .  V i d e t i c h  (1982) su g g e s te d  t h a t  
more i n c l u s i o n - r i c h  zones  would be more porous  and perm eable ,  
and t h u s  l o s e  magnesium more  e f f i c i e n t l y  in  t h e  HMC t o  
LMC t r a n s i t i o n .  A n o th e r  way t o  e x p l a i n  t h e  s y s t e m a t i c  
v a r i a t i o n s  i n  magnesium c o n c e n t r a t i o n  w i t h i n  r a d i a x i a l  
s p a r  i s  t h a t  magnesium c o n c e n t r a t i o n s  a r e  a l l  p r i m a r y ,  
r e s u l t i n g  from geochemical  changes  i n  t h e  d i a g e n e t i c  system 
p r e c i p i t a t i n g  r a d i a x i a l  s p a r s .
The g e n e r a l  d e c r e a s e  i n  magnesium c o n c e n t r a t i o n  of 
Lower Miocene and Upper Eocene cements  w i th  dep th  i n d i c a t e s  
e q u i l i b r a t i o n  o f  c a l c i t e s  w i th  p r o g r e s s i v e l y  d e ep e r ,  c o l d e r ,  
and l e s s  s a t u r a t e d  w a t e r s .  A s i m i l a r  t r e n d  in  o r i g i n a l l y
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HMC c o r a l l i n e  a lg a e  s u p p o r t s  a p r o g r e s s i v e  l o s s  of magnesium 
in  r a d i a x i a l  c a l c i t e  d u r in g  b u r i a l  ( see  D ia g en e s i s  of  HMC) . 
However magnesium v a r i a t i o n s  of over  0 .5  weigh t  % Mg w i t h in  
c l e a r  s p a r s  s u g g e s t  t h a t  d i f f e r e n c e s  in  magnesium c o n c e n t r a t i o n  
a r e  n o t  due  t o  a homogeneous a l t e r a t i o n  of  a homogeneous 
HMC p r e c u r s o r  (F ig .  24) . D ecreas ing  magnesium c o n c e n t r a t i o n s  
away from o r i g i n a l  v o i d  w a l l s  s u p p o r t  a g r a d u a l  change  
in  d i a g e n e t i c  env ironm ent  (p robab ly  a s s o c i a t e d  w i th  i n c r e a s i n g  
d e p t h )  d u r i n g  p r e c i p i t a t i o n ,  s t a b i l i z a t i o n ,  or  neomorphism 
of  t h e  r a d i a x i a l  c a l c i t e .  In Upper Eocene s t r a t a  of t h e  
F - l  w e l l ,  echinoderm overgrow ths  a l s o  show a d i s t i n c t  d e c r e a s e  
i n  magnesium c o n c e n t r a t i o n  away from o r i g i n a l  echinoderm 
f r a g m e n t s  ( F i g .  24) . Again t h i s  t r e n d  cou ld  r e f l e c t  slow 
c em en ta t ion  in  d i a g e n e t i c  w a te r s  whose c om pos i t ion  i s  g r a d u a l l y  
changing w i th  b u r i a l .
STABLE ISOTOPES
S t a b l e  c a r b o n  and  o x ygen  i s o t o p e s  can  be h e l p f u l  
i n  d i s t i n g u i s h i n g  b e tw e e n  c a r b o n a t e  p r e c i p i t a t e d  i n  
m a r i n e ,  m e te o r i c ,  and b u r i a l  env ironm en ts  (Hudson, 1977; 
D ic k so n  and  Colem an,  1980 ;  Moore and  Druckman, 1981 ;  
B r a n d  a n d  V e i z e r ,  1 9 8 1 ;  Wagner and  M a t th e w s ,  1 9 8 2 ) .  
The 6 of  c a l c i t e  cements i s  d i r e c t l y  r e l a t e d  t o  t h e  
§^®0 o f  t h e  d i a g e n e t i c  w a t e r s  and i n v e r s e l y  r e l a t e d  t o  
t h e  t e m p e r a t u r e  of  p r e c i p i t a t i o n  (C ra ig ,  1965) . Hence, 
i n  b u r i a l  e n v i r o n m e n t s  w i th  e l e v a t e d  t e m p e r a t u r e s ,  <5 ^ 80
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v a lu e s  f o r  cements may be ve ry  n e g a t i v e .
In  t r o p i c a l  s e t t i n g s ,  n e a r s u r f a c e  w a te r  t e m p e r a tu re s  
w i l l  r e m a in  r o u g h l y  c o n s t a n t .  T h e r e f o r e ,  s i g n i f i c a n t  
v a r i a t i o n s  i n  t h e  o xygen  i s o t o p e  c o m p o s i t i o n  o f  most  
n e a r s u r f a c e  Enewetak cem ents  sh ou ld  be de te rm ined  l a r g e l y  
by v a r i a t i o n s  in  t h e  i s o t o p i c  co m p o s i t io n  of  t h e  d i a g e n e t i c  
f l u i d s .  In  g e n e r a l ,  t h e  oxygen i s o t o p e s  in  m ar ine  w a te r  
a r e  h e a v i e r  t h a n  f r e s h  ( m e t e o r i c )  w a t e r  ( G r o s s ,  1964; 
Hudson, 1977) .  In  t r o p i c a l  l a t i t u d e s  (where most  l im e s to n e s  
f o r m ) , t h e  s t a b l e  oxygen i s o t o p e  c om pos i t ion  of  m e te o r i c  
w a t e r s  commonly r a n g e s  f rom  0 t o  -6  o / o o  (SMOW; IAEA, 
1979) .  Gross and Tracey  (1966) r e p o r t  6180 v a lu e s  between 
- 3 . 8  and - 5 .8  o /oo  (SMOW) f o r  m e te o r i c  w a te r s  on Enewetak. 
Marine w a te r s  i n  t h e  v i c i n i t y  of Enewetak have 6^80 v a lu e s  
o f  a p p ro x im a te ly  0 .0  o /oo  (SMOW; Gross  and T rac ey ,  1966) .
F r a c t i o n a t i o n  o f  carbon  i s o t o p e s  i n  c a l c i t e  changes 
l i t t l e  r e l a t i v e  t o  t e m p e r a t u r e  (Emrich e t  a l . ,  1970) .  
R a th e r ,  v a r i a t i o n s  o f  613C in  c a l c i t e  cements a r e  de te rm ined  
mainly  by t h e  i s o t o p i c  c o m p o s i t io n  of  C02 in  t h e  d i a g e n e t i c  
s y s t e m .  Carbon  i s o t o p e  f r a c t i o n a t i o n  v a r i e s  w i th  r a t e  
o f  c a l c i t e  p r e c i p i t a t i o n  ( T u r n e r ,  1 9 8 2 ) .  As r a t e  of  
p r e c i p i t a t i o n  i n c r e a s e s ,  6^3C of  c a l c i t e  a p p ro ach es  t h a t  
of  t h e  aqueous HC0 3 - ; whereas  a t  v e ry  slow r a t e s  of  p r e c i p i ­
t a t i o n ,  613C of  c a l c i t e  ap p ro a ch e s  t h e  e q u i l i b r i u m  f r a c t i o n ­
a t i o n  of  a p p ro x im a te ly  2 .5  o /oo  r e l a t i v e  t o  HCOj” (T urner ,
1982) .  Modern m ar ine  carbon  (TDC; d i s s o l v e d  C02 ) g e n e r a l l y  
h a s  a 6 ^ 3C v a l u e  o f  - 0 . 5  t o  + 2 .5  o / o o  (PDB; A n d e rso n
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and A r t h u r ,  1983) ;  t h e r e f o r e ,  c a l c i t e  i n o r g a n i c a l l y  p r e c i p i ­
t a t e d  f rom modern m ar ine  w a te r s  sh ou ld  have v a lu e s
b e tw ee n  - 0 . 5  and + 4 .5  o / o o .  V a r i a b l e  c o n t r i b u t i o n  of 
v e r y  l i g h t  s o i l - g a s  and  o r g a n i c  c a r b o n  i n t o  m e t e o r i c  
s y s t e m s  can  r e s u l t  i n  l a r g e  d i f f e r e n c e s  i n  6 ^ C  ( - 1 0  
t o  +2 o / o o ,  PDB) f o r  c a l c i t e s  p r e c i p i t a t e d  i n  m e te o r i c  
w a t e r s  ( G r o s s ,  196 4 ;  A l l a n  and  M a t th e w s ,  1 9 7 7 ,  1982) .
G r o s s  a n d  T r a c e y  (1966) p e r f o r m e d  s t a b l e  c a r b o n  
and oxy gen  a n a l y s e s  on a number o f  c a r b o n a t e  s a m p le s  
f rom t h e  Enewetak and B i k i n i  w e l l s  d r i l l e d  i n  t h e  e a r l y  
1 9 5 0 ' s .  Working w i th  whole rock  sam ples ,  Gross and Tracey 
(1966) n o te d  t h a t  some r e c r y s t a l l i z e d  l im e s t o n e s  ( u s u a l ly  
above  d e p t h s  o f  3 00 m) had  s t a b l e  i s o t o p e  co m p os i t ion s  
i n  e q u i l i b r i u m  w i t h  modern  Enewetak  m e t e o r i c  w a t e r .  
However, G r o s s  and T racey  (1966) found t h a t  more deep ly  
b u r i e d  r e c r y s t a l l i z e d  l im e s t o n e s  had h e a v i e r  s t a b l e  carbon 
and  oxygen  i s o t o p e s  w h ic h  t h e y  i n t e r p r e t e d  a s  m e te o r i c  
c a l c i t e  t h a t  had r e - e q u i l i b r a t e d  w i th  s e a w a te r .
R e s u l t s  of  S t a b l e  I s o to p e  Analyses
R e s u l t s  of  s t a b l e  i s o t o p e  a n a l y s e s  g e n e r a t e d  d u r ing  
t h e  p r e s e n t  s t u d y  a r e  su m m ar ized  i n  T a b l e  5 .  In  t h e  
P l e i s t o c e n e  of  Enewetak,  LMC cements  show a r a t h e r  narrow 
c l u s t e r i n g  o f  6^®0 v a l u e s ,  b u t  a r a t h e r  broad  range  of 
5^-^C v a l u e s  (F ig .  33) . Lower Miocene r a d i a x i a l  c a l c i t e s  
and Upper  Eocene  b l a d e d  cem en ts  have s t a b l e  carbon and
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TABLE 5  
STABLE ISOTOPE COMPOSITION OF ENEWETAK CEMENTS
n 6 C 0 0
(o/oo, PDB ± la) (o/oo, PDB ±
Pleistocene Cements
1. Fibrous Aragonite 1 2.6 -2.3
2. LMC (General) 22 -5.1 ± 3.1 -6.5 ± 0.6
3. Bladed 6 -5.6 ± 4.2 -6.9 ± 0.6
4. Equant-to-bladed 14 -4.4 ± 2.5 -6.3 ± 0.6
5. Equant mosaic 1 -6.4 -6.5
6. Intergranular (LMC) 16 -5.5 ± 3.3 -6.5 ± 0.7
7. Intragranular (LMC) 5 -4.2 ± 1.8 -6.5 ± 0.6
Lower Miocene Cements
8. Radiaxial Calcite 7 2.0 ± 0.5 -0.4 ± 0.8
Upper Eocene Cements
9. Equant-to-bladed 
(Core 2, E-l well) 1 -1.9 -7.2
10. Bladed cements
(Core 3, E-l well) 4 1.7 ± 0.4 -0.7 ± 0.2
Note: "n" is the number of samples analyzed.
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F ig u re  33.
S t a b l e  i s o t o p e  c o m p o s i t i o n  o f  P l e i s t o c e n e  c e m e n ts  from 
E n ew e tak .  P l u s  s i g n s  (+) r e p r e s e n t  a n a l y s e s  o f  s p a r r y  
c a l c i t e  cements .  The s i n g l e  c i r c l e  r e p r e s e n t s  an a n a l y s i s  
o f  a f i b r o u s  a r a g o n i t e  cement.  A na lyses  a r e  in  o /oo  r e l a t i v e  
t o  PDB.
(acid)
131
STABLE ISOTOPE COMPOSITION OF PLEISTOCENE CALCITE CEMENTS, ENEWETAK
DELC 
6  -J
 ^.Pleistocene
° fibrous aragonite 
2 -J cement
6180 (PDB)
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o x y g e n  i s o t o p e  c o m p o s i t i o n s  t h a t  a r e  q u i t e  d i f f e r e n t  
from t h e  P l e i s t o c e n e  LMC cements  (F ig .  3 4 ) .  The s t a b l e  
i s o t o p e  c o m p o s i t i o n  o f  o t h e r  Lower M iocene  and  Upper 
Eocene cements a r e  a l s o  shown in  F i g u r e  34.  P l e i s t o c e n e  
c a l c i t e  c e m e n t s  show l i t t l e  s y s t e m a t i c  v a r i a t i o n  i n  
o r  r e l a t i v e  t o  d e p t h  (F ig .  35) . In  c o n t r a s t ,
t h e  v a l u e s  o f  r a d i a x i a l  c e m e n t s  t e n d  t o  i n c r e a s e
w i t h  d e p t h  ( r  = 0 .8 1 ;  F ig .  3 6 ) .  613C v a lu e s  o f  r a d i a x i a l
cements show l i t t l e  change w i th  d e p th  (F ig .  36) .
D i s c u s s io n  of S t a b l e  I s o t o p es
I n  t h i s  s t u d y ,  s t a b l e  i s o t o p e s  a r e  p r o b a b l y  t h e  
m ost  d e f i n i t i v e  t o o l  a v a i l a b l e  t o  d i s c r i m i n a t e  between 
m arine  and m e te o r i c  cem ents .  As shown on F ig u r e  3 ,  temper­
a t u r e s  i n  deep Cenozoic  l im e s t o n e s  on Enewetak a r e  never  
g r e a t e r  th a n  t h e  n e a r s u r f a c e  w a t e r s .  T h e r e f o r e ,  e l e v a t e d  
t e m p e r a t u r e s  c anno t  be a source  of  s i g n i f i c a n t  v a r i a t i o n  
in  t h e  oxygen i s o t o p e  co m p o s i t io n  of  any Enewetak cements .  
On Enewetak, c a r b o n a te  p r e c i p i t a t e d  below t h e  th e r m o c l in e  
m ig h t  be i n f l u e n c e d  by low t e m p e r a t u r e s .  The l o w e s t  
t e m p e r a t u r e s  o b se rved  i n  Enewetak w e l l s  a r e  a p p ro x im a te ly  
10°C. However, t h e  p r i n c i p a l  f a c t o r  cau s in g  oxygen i s o t o p e  
v a r i a b i l i t y  i n  E new etak  c e m e n t s  sh o u ld  be t h e  i s o t o p i c  
co m p o s i t io n  of  t h e  d i a g e n e t i c  w a t e r s .
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F ig u re  34.
S t a b l e  i s o t o p e  c o m p o s i t i o n  o f  Enewetak  c e m e n t s .  S ta b le  
c a r b o n  and ox ygen  i s o t o p e s  a r e  i n  o / o o  r e l a t i v e  t o  PDB 
s t a n d a r d .
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STABLE ISOTOPE COMPOSITION 
OF ENEWETAK CEMENTS
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F ig u re  35.
S t a b l e  oxygen  and  s t a b l e  c a r b o n  i s o t o p e  c o m p o s i t i o n s  of 
P l e i s t o c e n e  c a l c i t e  c e m e n t s  v e r s u s  d e p th .  S t a b l e  carbon 
and oxygen i s o t o p e  v a l u e s  a r e  i n  o /o o  r e l a t i v e  t o  PDB s t a n d a r d .
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F ig u re  36.
S t a b l e  oxygen  and c a r b o n  i s o t o p e  c o m p o s i t io n s  of  c a l c i t e  
c e m e n t s  v e r s u s  d e p t h  i n  C e n o z o ic  s t r a t a .  S t a b l e  carbon 
and oxygen i s o t o p e  v a l u e s  a r e  i n  o /o o  r e l a t i v e  t o  PDB s t a n d a r d .
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Qua t e r n a r y ceme n t s
I n  P l e i s t o c e n e  s t r a t a  o f  Enewetak  A t o l l ,  s t a b l e  
carbon and oxygen i s o t o p e s  show r a t h e r  c l e a r l y  t h a t  b la d e d ,  
e q u a n t - t o - b l a d e d ,  and  e q u a n t  m o sa ic  cements a r e  indeed 
m e te o r i c  i n  o r i g i n .  In  P l e i s t o c e n e  samples from Enewetak, 
t h e  s t a b l e  oxygen i s o t o p e  c o m p o s i t io n s  of  s p a r r y ,  n o n - f i b r o u s  
c a l c i t e  cements c l u s t e r  between - 5 . 5  and - 7 .5  o /oo  (PDB; 
F i g .  33) . B e c a u se  t h e s e  P l e i s t o c e n e  s t r a t a  a r e  sha l low  
( l e s s  t h a n  80 m deep) and n e a r  t h e  e q u a to r  (11°N. l a t i t u d e ) ,  
cement p r e c i p i t a t i o n  can be assumed t o  have been a t  a p p ro x i ­
m ate ly  27°C. At 27°C, th o s e  s p a r r y  c a l c i t e  cements should  
have p r e c i p i t a t e d  from w a te r s  w i th  6 l 80 v a lu e s  of a p p ro x i ­
m a t e l y  -3  t o  -5  o /oo  (SMOW; Friedman and O 'N e i l ,  1977) .  
As ment ioned e a r l i e r ,  Gross and Tracey  (1966) found modern 
m e t e o r i c  w a t e r s  on Enewetak t o  have 6^80 v a lu e s  between 
- 3 . 8  and - 5 . 8  o / o o  (SMOW). At 27°C ,  t h e  P l e i s t o c e n e  
f i b r o u s  a r a g o n i t e  cements  (s-*-80 = - 2 .3  o /o o ;  PDB) shou ld  
have p r e c i p i t a t e d  from w a te r  w i th  a 6180 of a p p rox im a te ly  
0 .0  o /oo  (SMOW; Grossman and Ku, 1981) . Th is  d a t a  s u p p o r t s  
p r e v i o u s  c o n c l u s i o n s  b a s e d  on p e t r o g r a p h i c  and  t r a c e  
e l e m e n t  d a t a  w h ich  a l s o  i n d i c a t e d  a m a r i n e  o r i g i n  f o r  
f i b r o u s  a r a g o n i t e  cements  and a m e t e o r i c  o r i g i n  f o r  s p a r r y  
c a l c i t e  c e m e n ts  i n  P l e i s t o c e n e  s t r a t a .  T h ese  i s o t o p e  
d a t a  and  c o n c l u s i o n s  a r e  s i m i l a r  t o  t h o s e  of  Gross  and
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Tracey (1966) .
As a w h o le ,  t h e  s18 q c o m p o s i t i o n s  o f  P l e i s t o c e n e  
c a l c i t e  c e m e n t s  f rom Enewetak a r e  s i g n i f i c a n t l y  l i g h t e r  
t h a n  p r e v i o u s l y  r e p o r t e d  P l e i s t o c e n e  rocks  and cements 
from o t h e r  g e o g r a p h i c  l o c a t i o n s  ( F ig .  37;  G ro ss ,  1964; 
Land, 1973a; A l l a n  and Matthews, 1977, 1982) . Th is  d i f f e r e n c e  
i s  p ro b ab ly  due t o  (1) l i g h t e r  oxygen i s o t o p e s  in  m e te o r i c  
w a te r s  on Enewetak r e l a t i v e  t o  o t h e r  geog ra p h ic  l o c a t i o n s  
(Gross,  1964; Land, 1973a) and (2) i n c l u s i o n  of  o r i g i n a l  
m arine  se d im en ts  i n  whole rock  a n a l y s e s  from o t h e r  geog raph ic  
l o c a t i o n s  ( A l l a n  and  M a t th e w s ,  1 9 7 7 ,  1 9 8 2 ) .  M e te o r ic  
g r o u n d w a t e r s  on Bermuda and Jam aica  g e n e r a l l y  have 
v a l u e s  b e tw e e n  - 2 . 5  and  - 3 . 5  o / o o  (SMOW; G r o s s ,  1964; 
Land and  E p s t e i n ,  1 9 7 0 ) .  The l i g h t e r  m e t e o r i c  w a te r s  
on Enewetak ( -3 .8  t o  - 5 . 8 )  p ro b a b ly  r e f l e c t  t h e  i n f lu e n c e  
of i s o t o p i c a l l y  l i g h t ,  monsoon-type p r e c i p i t a t i o n  (Aharon,
1983) .
S t a b l e  carbon i s o t o p e s  a l s o  s u p p o r t  a m ar ine  o r i g i n  
f o r  f i b r o u s  a r a g o n i t e  cements  and a m e te o r i c  o r i g i n  f o r  
s p a r r y  c a l c i t e  cement i n  P l e i s t o c e n e  s t r a t a  from Enewetak. 
The v a lu e  of +2.6  o /o o  (PDB) f o r  f i b r o u s  a r a g o n i t e
cem ent  i s  q u i t e  c o n s i s t e n t  w i t h  a m a r i n e  o r i g i n .  The 
o f  s p a r r y  c a l c i t e  cem ent  v a r i e s  b e tw e e n  -1 0  and 
0 .5  o /o o  (PDB; F ig .  3 3 ) ,  s u g g e s t i n g  a m ix tu re  of carbon  
from m arine  se d im en ts  and o r g a n i c  m a t e r i a l  (or  s o i l  g a s ) .
No d i s t i n c t  t r e n d s  in  S ^ C  and were found in
P l e i s t o c e n e  cements r e l a t i v e  t o  s u b a e r i a l  exposure  s u r f a c e s
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F ig u re  37.
Comparison of  s t a b l e  i s o t o p e s  in  P l e i s t o c e n e  c a l c i t e  cements 
on Enewetak  w i t h  a n a l y s e s  of o t h e r  P l e i s t o c e n e  l im e s to n e s  
a l t e r e d  by m e t e o r i c  w a t e r .  F i e l d  o f  Gross (1964) i s  f o r  
d i a g e n e t i c  c a l c i t e s  ( " s o i l  b a s e s " ,  s t a l a g t i t i e s ,  and cements) 
from Bermuda. F i e l d  o f  Land and E p s t e in  (1970) i n c lu d e s  
bulk  ro ck ,  f l o s t o n e  c a l c i t e ,  cave c a l c i t e ,  and neomorphosed 
c o r a l s  in  P l e i s t o c e n e  c a r b o n a te  rocks  from Jam aica .  F i e l d  
o f  A l l a n  and M a t thew s  (1982) i s  f rom b u l k  rock  a n a l y s e s  
of P l e i s t o c e n e  l im e s t o n e s  from Barbados.
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COMPARISON OF STABLE ISOTOPES IN QUATERNARY 
LIMESTONES ALTERED IN METEORIC WATER
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(F ig .  35) . In  c o n t r a s t  t o  s t u d i e s  by A l lan  and Matthews 
(1977, 19 8 2 ) ,  s ^ c  v a l u e s  of  c a l c i t e  cements on Enewetak 
do n o t  show s t e a d y  d e c r e a s e s  be low  e x p o s u r e  s u r f a c e s .  
Enewetak  c e m e n t s  i m m e d ia t e l y  below P l e i s t o c e n e  ex po su re  
s u r f a c e s  u s u a l l y  do h a v e  v e r y  l i g h t  c a r b o n  i s o t o p e s ;  
h o w e v e r ,  c e m e n t s  s i g n i f i c a n t l y  be low  ex p osu re  s u r f a c e s  
may a l s o  e x h i b i t  v e r y  l i g h t  c a r b o n  i s o t o p e s  (F ig .  35; 
XEN-1, 39 m; XRI-1, 48 ,  51 ,  72 ,  and 73 m) . Because whole 
r o c k  s a m p le s  w e re  n o t  s y s t e m a t i c a l l y  a n a l y z e d  in  t h i s  
s t u d y ,  o t h e r  6 13c and s l 80 t r e n d s  o b se rved  by A l la n  and 
M at thew s  (1982) r e l a t i v e  t o  e x p o su re  s u r f a c e s  and w a te r  
t a b l e s  can n o t  be e v a l u a t e d  by t h i s  s t u d y .
Lower Miocene and Upper Eocene cements
S t a b l e  i s o t o p e  a n a l y s e s  c l e a r l y  i n d i c a t e  t h a t  r a d i a x i a l  
c a l c i t e s  fo rm ed  i n  m a r i n e  w a t e r s  ( F i g .  3 4 ) .  The mean 
6180 ( - 0 . 4  o / o o ,  PDB) and  613C v a l u e s  (2 .0  o /o o ,  PDB) 
o f  r a d i a x i a l  s p a r s  a r e  much h e a v i e r  t h a n  P l e i s t o c e n e  
m e t e o r i c  c e m e n t s  on Enewetak  and a r e  s i m i l a r  t o  modern 
m arine  cements  (F ig .  34;  Hudson, 19 7 7 ) .  Assuming p r e c i p i ­
t a t i o n  f rom  n o rm al  s e a w a t e r  ( ®0 = 0 .0  o / o o ;  SMOW),
t h e  p a l e o t h e r m o m e t r y  e q u a t i o n  o f  F r ie d m a n  and  O ' N e i l  
(1977) p r e d i c t s  f o r m a t io n  o f  r a d i a x i a l  s p a r  a t  t e m p e r a tu r e s  
b e tw e e n  12°C ( 6 180 = 0 . 4  o / o o )  a n d  22°C ( 6180 = - 1 . 8  
o /o o ;  PDB). S t a b l e  ca rbon  i s o t o p e s  of  r a d i a x i a l  c a l c i t e s  
a r e  s l i g h t l y  l i g h t e r  t h a n  modern m ar ine  cements and might
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r e f l e c t  (1) p r e c i p i t a t i o n  of r a d i a x i a l  c a l c i t e s  i n  r e l a t i v e l y  
d eep  m a r i n e  w a t e r  w h e re  o f  m a r i n e  b i c a r b o n a t e  i s
1 t o  2 o /oo  l i g h t e r  t h a n  s u r f a c e  m ar ine  w a te r s  (Kroopnick 
e t  a l . , 1 9 7 7 ) ,  o r  (2) i n h e r i t a n c e  of  l i g h t  carbon  from 
t h e  d i s s o l u t i o n  of  c o r a l l i n e  a r a g o n i t e  (Land e t  a l ,  1975) .  
The i n c r e a s e  i n  6180 o f  r a d i a x i a l  c a l c i t e  w i t h  d e p th  
s u g g e s t s  t h a t  r a d i a x i a l  c e m e n ts  a r e  be ing  p r e c i p i t a t e d  
i n  o r  e q u i l i b r a t i n g  w i t h  p r o g r e s s i v e l y  c o ld e r  w a te r  a t  
g r e a t e r  d e p t h s  ( F i g .  3 6 ;  F r i e d m a n  and  O ' N e i l ,  1 9 7 7 ) .
F in e r  n o n - r a d i a x i a l  b laded  cements  from Lower Miocene 
s t r a t a  of t h e  F - l  w e l l  have S^C and S^80 v a lu e s  s i m i l a r  
t o  t h e  r a d i a x i a l  c a l c i t e s  and  a r e  a l s o  p ro b ab ly  marine  
in  o r i g i n  (F ig .  3 4 ) .  However, t h e  Microcodium and m ic ro sp a r  
s a m p le s  f rom t h e  upper  p a r t  of  F - l  c o re  3 (375 m) have 
much l i g h t e r  carbon  and oxygen i s o t o p e s  (F ig .  34) con f i rm ing  
t h a t  th o s e  s t r a t a  have p ro b a b ly  been s u b j e c t e d  t o  s u b a e r i a l  
exposure  and m e te o r i c  d i a g e n e s i s .
The s t a b l e  i s o t o p i c  c o m p o s i t io n  of  e q u a n t - to - b l a d e d  
cements in  c o re  2 (854 -  856 m) o f  t h e  E - l  w e l l  c l e a r l y  
shows t h a t  t h o s e  cements  have a m e te o r i c  o r i g i n  (F ig .  34; 
T a b l e  5 ) .  A s 180 v a l u e  o f  - 7 . 1  o /o o  (PDB) i n d i c a t e s  
p r e c i p i t a t i o n  from m e te o r i c  w a te r s  w i th  a 6^80 com pos i t ion  
o f  a p p r o x i m a t e l y  - 4 . 6  o / o o  (SMOW; C r a i g ,  1 9 6 5 ) .  This  
v a lu e  a l s o  s u g g e s t s  t h a t  t h e  6^-80 co m p o s i t ion  of  m e te o r i c  
w a t e r  i n  t h e  v i c i n i t y  o f  Enewetak  h a s  r em a in e d  f a i r l y  
c o n s t a n t  s i n c e  L a te  Eocene o r  O l igocene  t im e  when th o se  
e q u a n t - t o - b l a d e d  c e m e n t s  p r o b a b l y  fo rm e d .  The s t a b l e
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i s o t o p e  c o m p o s i t io n s  o f  b laded  cements  i n  E - l  c o re  3 (1 ,2  43
-  1 ,250 m) a r e  ve ry  s i m i l a r  t o  r a d i a x i a l  c a l c i t e s
a n d  s u p p o r t  p r e c i p i t a t i o n  f r o m  n o r m a l  m a r i n e  w a t e r s  
(F ig s .  34) .
DISCUSSION OF CEMENTS
Cementa t ion  on Enewetak A t o l l  i s  q u i t e  v a r i a b l e .  
M e t e o r i c  and  m a r i n e  d i a g e n e s i s  h a s  r e s u l t e d  i n  i n t e n s e  
cem en ta t io n  of some s t r a t i g r a p h i c  i n t e r v a l s ;  w hereas ,  o t h e r  
l i m e s t o n e  i n t e r v a l s  have  r e m a in e d  v i r t u a l l y  uncem ented .  
C em en ta t io n  of  Enewetak c a r b o n a t e s  i s  n o t  d i r e c t l y  r e l a t e d  
t o  d e p t h ;  r a t h e r ,  v a r i a t i o n s  w i t h i n  m a r i n e  and  m e te o r i c  
d i a g e n e t i c  e n v i r o n m e n t s  a r e  a p p a r e n t l y  r e s p o n s i b l e  f o r  
good c e m e n t a t i o n  i n  some i n t e r v a l s  and  p o o r  c e m e n ta t io n  
in  o t h e r  a r e a s .
M eteo r ic  Cements
In  P l e i s t o c e n e  s t r a t a  o f  Enewetak  and c o r e  2 (854
-  856 m) o f  t h e  E - l  w e l l ,  p e t r o g r a p h i c  and  g e o c h e m ic a l  
d a t a  s u g g e s t  t h a t  b l a d e d ,  e q u a n t - t o - b l a d e d ,  and e q u a n t  
m o s a i c  c e m e n t s  h a v e  p r e c i p i t a t e d  f rom  m e t e o r i c  w a t e r .  
In sam ples  from Enewetak, t h e  r e p e a t e d  a s s o c i a t i o n  of m ic ro sp a r  
w i th  s o i l - r e l a t e d  a l t e r a t i o n  and s u b a e r i a l  ex posu re  s u g g e s t s  
t h a t  m ic ro sp a r  a l s o  h a s  a m e te o r i c  o r i g i n .  M eteor ic  cements 
a r e  c l o s e l y  r e l a t e d  t o  s u b a e r i a l  e x p o su re  s u r f a c e s .  Obvious ly ,
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s u b a e r i a l  e x p o s u r e  i s  r e q u i r e d  t o  c a t c h  m e t e o r i c  w a t e r  
and c o n d u c t  i t  i n t o  t h e  s u b s u r f a c e  w i t h o u t  d i l u t i o n  by 
marine  w a t e r .  The i n t e n s i t y  and d i s t r i b u t i o n  of c em en ta t ion  
i s  d i r e c t l y  r e l a t e d  t o  t h e  abundance and sp a c in g  of  s u b a e r i a l  
exposu re  s u r f a c e s .  The p e r i o d i c  r i s e s  and f a l l s  o f  P l e i s ­
to ce n e  s e a  l e v e l  have r e s u l t e d  i n  numerous v e r t i c a l l y  s t a ck e d  
s u b a e r i a l  exposu re  s u r f a c e s  and i n t e n s e  m e te o r i c  cem en ta t io n  
i n  P l e i s t o c e n e  s t r a t a .  I n  c o n t r a s t ,  s u b a e r i a l  ex p osu re  
and a s s o c i a t e d  m e t e o r i c  c e m e n t a t i o n  i n  Upper Eocene and 
Lower Miocene s t r a t a  a r e  a p p a r e n t l y  l i m i t e d  t o  t h e  uppermost 
p a r t s  o f  Upper Eocene and Lower Miocene s t r a t a  in  t h e  F - l  
and E - l  w e l l s  (F ig .  38) .
S o i l  zone, vadose ,  and m e t e o r i c - p h r e a t i c  cem en ta t io n
In s t r a t a  t h a t  have been s u b j e c t e d  t o  s u b a e r i a l  e xposu re ,  
m e te o r i c  c em en ta t io n  i s  q u i t e  v a r i a b l e  and a p p a r e n t l y  r e l a t e d  
t o  m e t e o r i c  subenv i ronm en ts  (vadose and p h r e a t i c )  in  which 
t h e  s t r a t a  hav e  b e e n  a l t e r e d .  T h e r e f o r e ,  d i s c r i m i n a t i n g  
b e t w e e n  m e t e o r i c  s u b e n v i r o n m e n t s  i s  i m p o r t a n t  r e l a t i v e  
t o  t h e  i n t e n s i t y  o f  c e m e n t a t i o n .  Dunham (1969a ,  1969b, 
1971) d i s c u s s e s  s e v e r a l  t e x t u r a l  f e a t u r e s  c h a r a c t e r i s t i c  
o f  vadose  d i a g e n e s i s  i n c l u d i n g  vadose  s i l t ,  vadose p i s o l i t e s ,  
m e n i s c u s  c e m e n t s ,  and  u n e v e n  d i s t r i b u t i o n  o f  c e m e n t s .  
S t u d i e s  by Moore e t  a l . ( 1 9 7 6 ) ,  Moore and Shedd (1977) ,  
Land and Moore (1980) ,  Es teban  and Pray  (1977) ,  and o t h e r s  
have  c a s t  d o u b t  on t h e  r e l i a b i l i t y  o f  "vadose"  s i l t  and
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F ig u re  38.
D r i l l  r a t e  l o g s  f o r  Enewetak E - l  and F - l  w e l l .  Columns 
t o  r i g h t  o f  d r i l l  r a t e  l o g s  i n d i c a t e  c o r e d  i n t e r v a l s .  
Note  t h a t  much o f  t h e  Lower Miocene of t h e  E - l  w e l l  and 
Upper Eocene of  t h e  F - l  w e l l  d r i l l e d  very  q u i c k l y  i n d i c a t i n g  
o n l y  m inor  c e m e n t a t i o n  in  t h o s e  i n t e r v a l s .  Modif ied  from 
Ladd and S ch langer  (196 0 ) .
Pl
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p i s o l i t e s  a s  i n d i c a t o r s  of  vadose d i a g e n e s i s .  Ha i ley  and 
H a r r i s  (1979) c o n c l u d e  t h a t  p e n d a n t  a s  w e l l  as  meniscus  
cem ent  s t r u c t u r e s  and uneven cement d i s t r i b u t i o n  a r e  good 
i n d i c a t o r s  of  vadose  c em en ta t io n ;  w hereas ,  isopachous  cement 
c r u s t s  a r e  c h a r a c t e r i s t i c  o f  p h r e a t i c  c em en ta t io n  (Land, 
1970? H a i l e y  and H a r r i s ,  1 9 7 9 ) .  W e l l - d e v e l o p e d  v a d o se  
s i l t ,  p i s o l i t e s ,  p e n d a n t  c e m e n t s ,  and  m e n i s c u s  c e m e n t s  
a r e  r a r e  in  samples  of  P l e i s t o c e n e  l im e s to n e  from t h e  XRI-1, 
XAR-1 and XEN-1 w e l l s .  I sopachous  cement c r u s t s  a r e  p r e s e n t  
in  P l e i s t o c e n e  s t r a t a  of Enewetak; however,  they  a r e  r a r e l y  
u n i f o r m  in  d i s t r i b u t i o n  on a mesoscopic  s c a l e .  Based on 
t h e  d om inance  o f  uneven cement d i s t r i b u t i o n ,  Goter  (1979) 
c o n c l u d e d  t h a t  m os t  P l e i s t o c e n e  c a l c i t e  cements i n  w e l l s  
on A r a n i t  I s l a n d  have a m e te o r i c -v a d o s e  o r i g i n .
In  t h e  P l e i s t o c e n e  of Enewetak and c o re  2 of t h e  E - l  
w e l l ,  t h r e e  t y p i c a l  s u i t e s  o f  cement morphology and d i s t r i b u t i o n  
dominate .  (1) Im media te ly  below exposure  s u r f a c e s ,  unevenly 
d i s t r i b u t e d  m i c r i t e ,  m ic r o s p a r ,  e q u a n t - t o - b l a d e d ,  and sometimes 
e q u a n t  m o s a ic  c e m e n ts  a r e  o f t e n  p r e s e n t .  These  cements 
v a r y  from b e i n g  v i r t u a l l y  a b s e n t  t o  be ing  very  abundant ,  
and p ro b ab ly  r e p r e s e n t  s o i l - z o n e  c em en ta t io n .
(2)  D i s t i n c t l y  s e p a r a t e  f rom and b e tw ee n  e x p o s u r e  
s u r f a c e s  a r e  i n t e r v a l s  e x h i b i t i n g  c r u s t s  o f  b l a d e d  o r  
e q u a n t - t o - b l a d e d  cement.  These cement c r u s t s  a r e  g e n e r a l l y  
i s o p a c h o u s  w i t h i n  i n d i v i d u a l  v o i d s  and  p r o b a b l y  have  a 
m e t e o r i c - p h r e a t i c  o r i g i n .  The v a r i a b l e  t h i c k n e s s  of  t h e s e  
cem ent  c r u s t s  may be due t o  d i f f e r e n t i a l  p h r e a t i c  f l u i d
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f low  t h r o u g h  v e r y  h e t e r o g e n e o u s  p o r e  s y s te m s  p r e s e n t  in  
P l e i s t o c e n e  s t r a t a .  S i m i l a r  p a t c h y ,  c i r c u m v o i d  cem ent  
c r u s t s  a r e  d e s c r ib e d  by H a i ley  and H a r r i s  (1979) in  a modern 
p h r e a t i c  sys tem on J o u l t e r ' s  Cay, Bahamas.
(3)  T he  t h i r d  t y p i c a l  s u i t e  o f  c e m e n t s  i n c l u d e s  
e q u a n t - to - b l a d e d  and e q u an t  mosaic  cements  which p r e f e r e n t i a l l y  
f i l l  i n t r a g r a n u l a r  and sm a l l  i n t e r g r a n u l a r  v o i d s .  Cements 
i n  t h i s  s u i t e  a r e  u s u a l l y  n o t  v o l u m e t r i c a l l y  i m p o r t a n t  
th o u g h  t h e y  do g e n e r a l l y  b i n d  s e d i m e n t s .  These  cements 
a r e  always p a tc h y ,  p r e f e r e n t i a l l y  f i l l i n g  sm a l l  v o id s  t h a t  
have  h i g h  c a p i l l a r y  a t t r a c t i o n  a n d / o r  o t h e r w i s e  t e n d  t o  
r e t a i n  w a te r  in  vadose  e n v i ro nm en ts .  Th is  s u i t e  of  pa tchy  
(u n ev en )  i n t e r g r a n u l a r  and i n t r a g r a n u l a r  cements p rob ab ly  
formed in  m e te o r i c -v a d o s e  en v iro nm en ts  below t h e  s o i l  zone 
b u t  abov e  t h e  w a t e r  t a b l e .  Poor development  of meniscus 
and p e n d e n t  cem ent  s t r u c t u r e s  i n  t h i s  zone may be due t o  
Enewetak  g r a i n s  w h ich  a r e  i r r e g u l a r l y  sh a p e d  b i o c l a s t s  
w i t h  ro ug h  s u r f a c e s  and  a b u n d a n t  i n t r a p a r t i c l e  p o r o s i t y .  
Those  rou g h  g r a i n  s u r f a c e s  and  i n t r a p a r t i c l e  vo id s  t e n d  
t o  p r e f e r e n t i a l l y  h o l d  v a d o s e  w a t e r ,  so m e n i s c u s  w a t e r  
s t r u c t u r e s  may n o t  d e v e l o p .  L i k e w i s e ,  v a d o s e  w a te r  may 
t e n d  n o t  t o  d r a i n  t o  a s i n g l e  low p o i n t  on i r r e g u l a r l y  
sh a p e d  g r a i n s ,  a n d ,  h e n c e ,  p e n d e n t  cement s t r u c t u r e s  may 
a l s o  t e n d  n o t  t o  form.
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I n c l u s i o n - r i c h  b l a d e d  c e m e n t s  a r e  p e t r o g r a p h i c a l l y  
d i f f e r e n t  f rom  m ost  o t h e r  m e t e o r i c  c e m e n t s  d e s c r i b e d  in  
t h i s  and o t h e r  P l e i s t o c e n e  s t u d i e s  (Land,  1970 ;  H a i l e y  
and H a r r i s ,  1979 ;  and  many o t h e r s ) .  T ra c e  e l e m e n t  and 
s t a b l e  i s o t o p e  d a t a  s t r o n g l y  s u p p o r t  a m e t e o r i c  o r i g i n  
f o r  t h e  i n c l u s i o n - r i c h  b l a d e d  c e m e n t s  o f  t h e  XRI-1 and 
XEN-1 w e l l s .  In  t h r e e  i n c l u s i o n - r i c h  b laded  cements an a lyzed  
f o r  s t a b l e  i s o t o p e s ,  t h e  mean of  - 9 . 0  o /oo  (PDB) and
mean 6180 o f  - 7 . 1  o / o o  (PDB) c l e a r l y  i n d i c a t e  a m e te o r i c  
o r i g i n .  L i k e w i s e ,  low magnesium c o n c e n t r a t i o n s  (mean = 
0 .163 wt.  % Mg) s u g g e s t  a m e te o r i c  o r i g i n  f o r  t h e  i n c l u s i o n - r i c h  
b l a d e d  c e m e n t s .  The i s o p a c h o u s  n a t u r e  of i n c l u s i o n - r i c h  
b laded  c r u s t s  s u g g e s t  f o r m a t io n  in  a p h r e a t i c  env ironm ent .
The i n c l u s i o n - r i c h  b laded  cements  may e x i s t  a s  " i s o l a t e d "  
b l a d e d  c e m e n t s  which u s u a l l y  do n o t  touch  a d j a c e n t  b laded  
c e m e n ts  ( F i g .  1 6 ) .  O th e r  i n c l u s i o n - r i c h  b l a d e d  cem ents  
have  i n c l u s i o n - r i c h  c o r e s  w i t h  c l e a r  r im s  and appea r  t o  
be i s o l a t e d  b l a d e d  c e m e n t s  t h a t  h a v e  b e en  o v e rg ro w n  a t  
a l a t e r  t i m e  by c l e a r  b l a d e d  o r  e q u a n t - t o - b l a d e d  cement 
( F i g .  16) . T h e r e  a r e  a t  l e a s t  two v i a b l e  h y p o th eses  f o r  
t h e  o r i g i n  of  t h e  i n c l u s i o n - r i c h  b lad ed  cements .
The f i r s t  h y p o t h e s i s  i n v o lv e s  a l t e r a t i o n  of a f i b r o u s  
p r e c u r s o r  t o  p r o d u c e  i n c l u s i o n - r i c h  p o r t i o n s  o f  b l a d e d  
c e m e n t s .  A l t e r a t i o n  o f  a f i b r o u s  p r e c u r s o r  cou ld  r e s u l t  
i n  a c o a r s e r  c a l c i t e  w i t h  l i n e a r  i n c l u s i o n s .  The common
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o c cu r ren c e  of i n c l u s i o n - r i c h  b laded  c a l c i t e s  i n  space  fo rm e r ly  
occupied  by a r a g o n i t i c  c o r a l ,  and s l i g h t l y  e l e v a t e d  s t r o n t iu m  
c o n c e n t r a t i o n s  i n  t h e  i n c l u s i o n - r i c h  c o r e s ,  s u g g e s t  t h a t  
t h e  p o t e n t i a l  f i b r o u s  p r e c u r s o r  was a r a g o n i t e .  According 
t o  t h i s  h y p o t h e s i s ,  i n c l u s i o n - r i c h  b laded  cements  i n  p r im ary  
i n t e r g r a n u l a r  v o id s  would p ro b a b ly  be t h e  r e s u l t  of  a l t e r a t i o n  
of  a f i b r o u s  a r a g o n i t e  cement.
A s e c o n d  h y p o t h e s i s  f o r  t h e  o r i g i n  of  i n c l u s i o n - r i c h  
b l a d e d  c a l c i t e  i n v o l v e s  d i r e c t  v o i d - f i l l  p r e c i p i t a t i o n  
o f  t h e  i s o l a t e d  i n c l u s i o n - r i c h  b laded  c a l c i t e  in  t h e  form 
shown by SEM pho tom ic rog raphs  (F ig .  1 6 ) .  The l i n e a r  i n c l u s i o n s  
cou ld  have formed a long  t h e  f a c e s  o f  k n i f e - l i k e  and arrow -shaped  
p r o j e c t i o n s  of t h e  i s o l a t e d  i n c l u s i o n - r i c h  b laded  cements .  
D i r e c t  p r e c i p i t a t i o n  o f  i n c l u s i o n - r i c h  b laded  cements  i s  
su p p o r te d  by p e t r o g r a p h i c  d a t a .  P a r a l l e l  l i n e a r  i n c l u s i o n s  
w i t h i n  i n d i v i d u a l  b l a d e d  c r y s t a l s  s u g g e s t  t h a t ,  t h e  
i n c l u s i o n - r i c h  b l a d e d  cements  a r e  n o t  a l t e r a t i o n  p r o d u c t s  
o f  c o r a l l i n e  a r a g o n i t e  o r  f i b r o u s  a r a g o n i t e  cement.  I f  
t h e  i n c l u s i o n s  r e s u l t e d  f rom  t h e  a l t e r a t i o n  of  c o r a l l i n e  
a r a g o n i t e ,  l i n e a r  i n c l u s i o n s  shou ld  e x h i b i t  p a t t e r n s  s i m i l a r  
t o  a r a g o n i t e  n e e d l e s  in  c o r a l ,  bu t  they  do n o t .  L ikewise ,  
i f  t h e  i n c l u s i o n - r i c h  b lad ed  cements  i n  p r im ary  i n t e r g r a n u l a r  
v o id s  formed a s  an a l t e r a t i o n  o f  f i b r o u s  cements ,  t h e  l i n e a r  
i n c l u s i o n s  sh o u ld  e x h i b i t  p a t t e r n s  s i m i l a r  t o  f i b r o u s  cement. 
I n  g e n e r a l ,  f i b r o u s  c e m e n t s  a r e  o r i e n t e d  p e r p e n d i c u l a r  
t o  t h e  o r i g i n a l  v o i d  w a l l  o r  a r e  i n  r a d i a t i n g  b u n d l e s ;  
however,  l i n e a r  i n c l u s i o n s  i n  i n c l u s i o n - r i c h  b lad ed  cements
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u s u a l l y  do n o t  show t h o s e  p a t t e r n s  of  f i b r o u s  cem en ta t io n  
( F i g .  1 6 ) .  I n c l u s i o n s  w i t h i n  i n d i v i d u a l  c r y s t a l s  would 
t e n d  t o  be p a r a l l e l  t o  each o t h e r  i f  i n c l u s i o n s  developed  
on c r y s t a l s  w i t h  k n i f e - l i k e  and  arrow shaped p r o j e c t i o n s  
s i m i l a r  t o  t h o s e  i n  F ig u r e  16.
As shown i n  F i g u r e  2 3 ,  magnesium c o n c e n t r a t i o n s  in  
i n c l u s i o n - r i c h  b laded  cements  and c l e a r  b laded  overgrow ths  
a r e  s i m i l a r  s u g g e s t in g  a common o r i g i n  by d i r e c t  p r e c i p i t a t i o n  
f o r  b o t h .  The r e l a t i v e l y  low magnesium c o n c e n t r a t i o n s  
(mean = 0 .1 6 3  w t .  % Mg) in  i n c l u s i o n - r i c h  b laded  cements 
s u g g e s t  t h a t  t h e y  a r e  n o t  a s s o c i a t e d  w i th  t h e  a l t e r a t i o n  
of HMC. S l i g h t l y  h ig h e r  s t r o n t iu m  c o n c e n t r a t i o n s  (F ig .  23) 
s u g g e s t  t h a t  t h e  i n c l u s i o n - r i c h  p o r t i o n s  of  b laded  cements 
might  be a s s o c i a t e d  w i th  an a r a g o n i t i c  p r e c u r s o r .  However, 
s t r o n t i u m  c o n c e n t r a t i o n s  i n  i n c l u s i o n - r i c h  p o r t i o n s  o f  
b laded  cements  a r e  f a r  below s t r o n t iu m  l e v e l s  in  neomorphosed 
c o r a l ,  c a s t i n g  some d o u b t  on an  a r a g o n i t i c  p r e c u r s o r .  
The o b s e r v e d  magnesium and s t r o n t iu m  c o n c e n t r a t i o n s  might  
d e v e l o p  i f  a f i b r o u s  m e t a s t a b l e  p r e c u r s o r  was c o n v e r te d  
t o  LMC p r i o r  t o  a l t e r a t i o n  i n t o  i n c l u s i o n - r i c h  b laded  c a l c i t e .
W hi le  i n c l u s i o n - r i c h  b lad ed  cements  a p p a r e n t l y  formed 
in  t h e  m e t e o r i c - p h r e a t i c  zone,  r e a so n s  f o r  t h e  i n c l u s i o n - r i c h  
n a t u r e  and s t r a n g e  form (F ig .  16) a r e  u n c l e a r .  The i s o l a t e d  
i n c l u s i o n - r i c h  b lad ed  cements  a r e  p e t r o g r a p h i c a l l y  s i m i l a r  
t o  " f low er  sp a r "  of  James (1972) and "b laded  sp a r "  o f  H a r r i s o n  
(1977) .  James (1972) and H a r r i s o n  (1977) found t h e i r  " f lo w er"  
and  " b l a d e d "  s p a r s  i n  c a l i c h e  p r o f i l e s  on Barbados.  They
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b o t h  im p ly  t h a t  t h e  p r e c i p i t a t i o n  of  " f low er"  o r  "b laded"  
s p a r  o c c u r re d  r a p i d l y  in  e x t r e m e ly  s u p e r s a t u r a t e d  c o n d i t i o n s  
p e rh aps  due t o  r a p i d  e v a p o r a t i o n  of s o i l  w a te r .
The w i d e s p r e a d  d i s t r i b u t i o n  of i n c l u s i o n - r i c h  b laded  
cement s u g g e s t s  t h a t  i t  i s  n o t  a c a l i c h e  p ro d u c t  on Enewetak. 
On E n ew e tak ,  t h e  i n c l u s i o n - r i c h  b l a d e d  c e m e n ts  a r e  n o t  
a s s o c i a t e d  w i t h  c a l i c h e  s u r f a c e s  b u t  a r e  found s c a t t e r e d  
b e tw e e n  d e p t h s  o f  4 4 .8  and 6 4 .0  m in  t h e  XRI-1 w e l l  and 
between 25.6  and 39.0  m in  t h e  XEN-1 w e l l .  The a s s o c i a t i o n  
o f  some s i m i l a r  b l a d e d  c e m e n t s  w i t h  t r a v e r t i n e  s u g g e s t s  
r e l a t i v e l y  r a p i d  p r e c i p i t a t i o n  of  th o s e  cements in  g r e a t l y  
s u p e r s a t u r a t e d  w a t e r s .  The w i d e s p r e a d  d i s t r i b u t i o n  o f  
i s o l a t e d  i n c l u s i o n - r i c h  b lad ed  cements might  be t h e  r e s u l t  
o f  r a p i d  cem en t  p r e c i p i t a t i o n  a t  t h e  t o p  of  a r i s i n g  o r  
s i n k i n g  w a te r  t a b l e .  C le a r  i sopach ou s  c a l c i t e  overgrowths  
on i n c l u s i o n - r i c h  b l a d e d  c e m e n t s  p r o b a b l y  p r e c i p i t a t e d  
l a t e r ,  a l s o  in  a m e t e o r i c - p h r e a t i c  env ironm ent .
Marine Cements
On E n e w e t a k ,  e v i d e n c e  s t r o n g l y  i n d i c a t e s  t h a t  t h e  
fo l lo w in g  cements  a r e  m ar ine  in  o r i g i n :  (1) f i b r o u s  c a l c i t e  
and a r a g o n i t e  c e m e n t s  i n  Q u a t e r n a r y ,  Lower Miocene,  and 
Upper Eocene s t r a t a ,  (2) r a d i a x i a l  c a l c i t e s  i n  Lower Miocene 
s t r a t a  o f  t h e  F - l  w e l l ,  and  (3) b l a d e d  cements in  Upper 
Eocene s t r a t a .  These m ar ine  cements  a r e  found in  g r e a t e s t  
abundance i n  n e a r  r e e f ,  r e e f  c r e s t  and r e e f  w a l l  l im e s to n e s
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where o cea n ic  c i r c u l a t i o n  would have f o r c e d  l a r g e  q u a n t i t i e s  
o f  m a r in e  w a t e r  th ro u g h  t h e  l im e s t o n e  s u b s t r a t e .  Because 
a t o l l  g ro w th  i s  l a r g e l y  v e r t i c a l ,  r e e f - r e l a t e d  s t r a t a  may 
be a d j a c e n t  t o  t h e  seaward edge of t h e  a t o l l  f o r  long  p e r i o d s  
of  t im e  a f t e r  d e p o s i t i o n .  Fu r th e rm o re ,  h y d r o lo g ic  i n f o r m a t io n  
s u g g e s t s  t h a t  m a r in e  c i r c u l a t i o n  may l a t e r a l l y  move ocean 
w a t e r  o v e r  3 km i n t o  t h e  a t o l l  s u b j e c t i n g  r e 2f - r e l a t e d  
s t r a t a  t o  c i r c u l a t i n g  o c e a n  w a t e r  f o r  m i l l i o n s  of y e a r s  
a f t e r  d e p o s i t i o n .
Fib rous .marine..cement
M arine  c e m e n t s  i n  Q u a t e r n a r y  s a m p le s  o f  t h e  XRI-1,  
XAR-1, and XEN-1 w e l l s  g e n e r a l l y  occur  in  minor amounts,  
e x c e p t  b e tw e e n  1 4 .0  and 1 8 .3  m i n  t h e  XEN-1 w e l l  where  
f i b r o u s  a r a g o n i t e  cements comprise  5 -  10% of  most sam ples .  
In  t h i s  i n t e r v a l ,  m a r i n e  c e m e n t a t i o n  o c c u r s  i n  b a c k - r e e f  
and r e e f - r e l a t e d  g r a i n s t o n e s .  I s l a n d s  o f  t h e  Enewetak  
A t o l l  a r e  g e n e r a l l y  in  b a c k - r e e f  and lag o on -m arg in  e n v i r o n ­
ments (Couch e t  a l . ,  1975) ;  t h e r e f o r e ,  t h o s e  m ar ine  cements 
b e tw ee n  1 4 .0  and 18.3  m in  t h e  XEN-1 w e l l  may be r e l a t e d  
t o  b eac h  r o c k  fo r m a t io n  a s s o c i a t e d  w i th  an i s l a n d .  Beach 
rock ty p e  c em en ta t io n  i s  e x c e p t i o n a l l y  common on t h e  lagoonward 
m a r g i n s  o f  a l l  i s l a n d s  on t h e  Enewetak  A t o l l  (S c h m a lz ,  
1971; C.H. Moore, 1984, p e r s .  comm.). Most of t h e  i s l a n d  
o f  Engeb i  i s  u n d e r l a i n  by a h a rd  l a y e r  u s u a l l y  l e s s  t h a n  
30 cm t h i c k  w i th  beach rock  ty p e  c e m e n ta t io n  (Goff ,  1979) .
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The l a c k  o f  v o l u m e t r i c a l l y  i m p o r t a n t  m a r i n e  c e m e n ta t io n  
in  most  of t h e  XRI-1, XAR-1, and XEN-1 w e l l s  p ro b a b ly  r e f l e c t s  
t h e i r  d e p o s i t i o n  i n  e n v i r o n m e n t s  away from i s l a n d s  w i th  
beach rock ty p e  c e m en ta t io n  and away from t h e  seaward margin 
o f  t h e  a t o l l .  The l i m i t e d  m ar ine  c e m e n ta t io n  i s  analogous  
t o  b a s i n w a r d  p o r t i o n s  of  t h e  J u r a s s i c  Smackover Formation  
w here  m a r i n e  c e m e n t a t i o n  i s  a l s o  m in o r  and  i s  c o n f i n e d  
mainly  t o  a few i n s u l a r  s e t t i n g s  (Moore and Druckman, 1981) .
The c o r r e l a t i o n  b e tw e e n  H o lo c e n e  m a r i n e  c em en ta t io n  
and p ro x im i ty  t o  t h e  a t o l l  margin i s  c l e a r l y  shown by cement­
a t i o n  i n  Holocene s t r a t a  in  t h e  v i c i n i t y  of A r a n i t  I s l a n d  
( F i g .  3 9 ) .  As c o r e  d e s c r i p t i o n s  by Couch e t  a l .  (1975) 
i l l u s t r a t e ,  c em en ta t io n  i n  Holocene s t r a t a  d e c r e a s e s  d ra m a t i ­
c a l l y  l a g o o n w a r d .  Most  o f  t h a t  c e m e n t a t i o n  i s  p ro b ab ly  
m a r i n e  b e c a u s e  t h e  w e l l - c e m e n t e d  z o n e s  a r e  i n  H o lo c en e  
s t r a t a  t h a t  h a v e  p r o b a b l y  n o t  been exposed t o  f r e s h w a te r  
( F i g .  39) . G o te r  (1979) c o n f i rm s  t h a t  most  ( i f  n o t  a l l )  
of  t h e  Holocene c e m en ta t io n  in  t h e  seaward w e l l s  i s  m ar ine  
in  o r i g i n .
F i b r o u s  LMC c e m e n t s  a r e  s c a t t e r e d  t h r o u g h o u t  Lower 
Miocene and Upper Eocene s t r a t a  of  t h e  F - l  w e l l .  A m arine  
o r i g i n  f o r  t h o s e  f i b r o u s  LMC cements i s  i n f e r r e d  from t h e i r  
(1) f i b r o u s  m orphology (F o lk ,  1974) ,  (2) a s s o c i a t i o n  w i th  
r a d i a x i a l  c a l c i t e s  hav ing  d i s t i n c t l y  m ar ine  s t a b l e  i s o t o p e s ,  
and (3) o c c u r r e n c e  i n  s t r a t a  l a c k i n g  d i s t i n c t  e v i d e n c e  
of m e te o r i c  d i a g e n e s i s .  When compared t o  abundant  r a d i a x i a l  
c a l c i t e  in  t h e  F - l  w e l l ,  t h e  sm a l l  amounts o f  f i b r o u s  LMC
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F ig u re  39.
C e m e n ta t i o n  i n  H o lo c e n e  s t r a t a  of  and a d j a c e n t  t o  A r a n i t  
I s l a n d .  Note t h a t  c e m en ta t io n  in  Holocene s t r a t a  i s  l a r g e l y  
c o n f in e d  t o  t h e  seaward margin  of  t h e  a t o l l  ( r i g h t ) .  Data 
from Couch e t  a l . (1975) .
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marine  cement s u g g e s t  t h a t  i t  was p r e c i p i t a t e d  in  a r e l a t i v e l y  
i n e f f i c i e n t  h y d r o l o g i c  s y s t e m .  I n  Lower M iocene s t r a t a  
of  t h e  F - l  w e l l ,  t h e  o c c u r re n c e  of  f i b r o u s  cement in  some 
a r a g o n i t e  molds i n d i c a t e s  t h a t  a t  l e a s t  some of t h e  f i b r o u s  
cement formed a f t e r  a r a g o n i t e  d i s s o l u t i o n .
R a d ia x ia l  C a l c i t e
Since  B a t h u r s t  (1959) f i r s t  d e s c r ib e d  r a d i a x i a l  s p a r s ,  
t h e i r  o r i g i n  h as  been p r o b l e m a t i c .  In  1975, B a th u r s t  s t a t e s  
" . . . w h e n  t h e i r  [ r a d i a x i a l  s p a r s ' ]  o r i g i n  i s  e v e n t u a l l y  
u n d e r s t o o d ,  t h e  f a b r i c  w i l l  be u s e f u l  as  an i n d i c a t o r  of 
d i a g e n e t i c  e n v i r o n m e n t " .  During t h e  l a s t  10 -  15 y e a r s ,  
t h e  fo rm a t io n  of  r a d i a x i a l  s p a r s  h a s  g e n e r a l l y  been a t t r i b u t e d  
t o  t h e  "neomorphic rep la ce m e n t"  of  f i b r o u s  ( a c i c u l a r )  p r e c u r s o r s  
u s u a l l y  i n f e r r e d  t o  be HMC o r  a r a g o n i t e  cements (Kendall  
and T ucker ,  1973; K e n d a l l ,  1977; B a t h u r s t ,  1975; B a t h u r s t ,  
1977 ;  D a v i e s ,  1977 ;  Lohmann and  M e y e rs ,  1977 ;  M a r s h a l l ,  
1981; V i d e t i c h ,  1982) .  Very r e c e n t l y ,  K endal l  (1984) r e c a n te d  
some of h i s  e a r l i e r  i d e a s  and p roposed  t h a t  r a d i a x i a l  s p a r  
i s  a d i r e c t  ( p r o b a b l y  marine)  p r e c i p i t a t e .  Evidence from 
t h i s  s t u d y  s u p p o r t s  K e n d a l l ' s  (1984) c o n c l u s i o n s .  There  
a r e  two fundam enta l  q u e s t i o n s  r e g a r d in g  Enewetak r a d i a x i a l  
s p a r s  which  m u s t  be a n s w e r e d .  (1) Were r a d i a x i a l  s p a r s  
a d i r e c t  m a r i n e  p r e c i p i t a t e  o r  an a l t e r a t i o n  p ro d u c t  of 
a [ f i b ro u s ]  p r e c u r s o r ?  (2) Where and when were  th o s e  r a d i a x i a l  
s p a r s  p r e c i p i t a t e d ?
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O r ig in  by Replacement
K e n d a l l  and Tucker  (1973) p r e s e n t  a s e t  of a rguments  
a g a i n s t  d i r e c t  p r e c i p i t a t i o n  of r a d i a x i a l  c a l c i t e  and f o r  
o r i g i n  by r e p l a c e m e n t  of  p r e - e x i s t i n g  cem ents .  Arguments 
o f  K enda l l  and Tucker (1973) a g a i n s t  p r im ary  p r e c i p i t a t i o n  
in c lu d e  (1) " r e l a t i o n s  t o  e r o s i o n a l  s u r f a c e s "  where c a v i t i e s  
[p robab ly  b i o e r o s i o n  c a v i t i e s ]  c r o s s - c u t  i n t e r n a l  s e d im e n ts ,  
b u t  do n o t  c r o s s - c u t  r a d i a x i a l  cements ,  (2) " p resen ce  of 
n o n - p l a n a r  i n t e r c r y s t a l l i n e  b o u n d a r i e s " ,  (3) "absence  of 
c o m p e t i t i v e  g ro w th  f a b r i c s " ,  and  (4) " l a t t i c e  c u r v a t u r e  
w i t h in  c r y s t a l s " .  Evidence f o r  rep la ce m e n t  of a p r e - e x i s t i n g  
( a c i c u l a r )  cement i n c l u d e  l i n e a r  i n c l u s i o n s ,  i n c l u s i o n - r i c h  
ban d s  t h a t  p a r a l l e l  c a v i t y  w a l l s ,  and undu lose  e x t i n c t i o n  
due t o  l a t t i c e  d e fo r m a t io n  (Kendal l  and T ucker ,  1973; K e n d a l l ,  
1977; Lohmann and Meyers,  1 97 7 ) .  V i d e t i c h  (1982) concluded  
t h a t  Lower M iocene  r a d i a x i a l  c a l c i t e  from Enewetak formed 
by neomorphism of a f i b r o u s  m ar ine  HMC cement in  m e te o r i c  
w a te r .
The a r g u m e n t s  a g a i n s t  a p r i m a r y  cem ent  o r i g i n  a r e  
a l l  e q u i v o c a l  and a r e  c h a l l e n g e d  by K endal l  (1984) .  (1)
A l a t e  s t a g e  cement co u ld  f i l l  c r o s s - c u t t i n g  v o id s  p r e s e n t  
i n  p r e v i o u s l y  cemented i n t e r n a l  s e d im e n ts  and cou ld  e x p la in  
K e n d a l l  and  T u c k e r ' s  (1973) " c r o s s - c u t t i n g "  r e l a t i o n s h i p s .  
B o r in g  sponges  commonly c r e a t e  c r o s s - c u t t i n g  v o id s  th rou g h  
i n t e r n a l  s e d i m e n t s  (Moore and  Shedd, 1977) .  (2) Dickson
(1983) h a s  c l e a r l y  shown t h a t  many t r u e  c e m e n t s  do n o t
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have  p l a n a r  i n t e r c r y s t a l l i n e  b o u n d a r i e s .  (3) Many b laded  
m a r i n e  c e m e n t s  do n o t  show s i g n i f i c a n t  c r y s t a l  widening 
when g ro w in g  away from c a v i t y  w a l l s ;  however , K endal l  and 
T u c k e r  (1973) b e l i e v e  t h a t  c r y s t a l  w i d e n in g  w i th  growth 
to w a rd  t h e  c e n t e r  o f  a v o i d  i s  e v i d e n c e  o f  c o m p e t i t i v e  
growth and i s  d i a g n o s t i c  o f  p r im ary  cements .  (4) The o r i g i n  
o f  l a t t i c e  c u r v a t u r e  (and  u n d u l o s e  e x t i n c t i o n )  i s  p o o r ly  
unders tood  and i s  n o t  good ev id en ce  a g a i n s t  r a d i a x i a l  s p a r s  
b e i n g  a p r i m a r y  p r e c i p i t a t e .  S c e n a r io s  f o r  t h e  p o s s i b l e  
d e v e lo p m e n t  o f  l i n e a r  i n c l u s i o n s  and u n du lose  e x t i n c t i o n  
d u r i n g  d i r e c t  p r e c i p i t a t i o n  of a cement w i l l  be d i s c u s s e d  
l a t e r  i n  t h i s  s e c t i o n .
O r ig in  by D i r e c t  P r e c i p i t a t i o n
In  t h e  Lower M iocene  o f  t h e  F - l  w e l l ,  four  l i n e s  of 
e v i d e n c e  s u g g e s t  d i r e c t  p r e c i p i t a t i o n  o f  r a d i a x i a l  sp a r  
a s  a c e m e n t .  F i r s t ,  o r i g i n a l  HMC and a r a g o n i t e  b i o c l a s t s  
do n o t  show a l t e r a t i o n  p a t t e r n s  s i m i l a r  t o  r a d i a x i a l  s p a r s .  
Second, some r a d i a x i a l  s p a r  ( i d e n t i f i e d  by i t s  c h a r a c t e r i s t i c  
u n d u l o s e  e x t i n c t i o n )  i s  c l e a r  ( i n c l u s i o n - f r e e )  and a p p ea rs  
l i k e  any o t h e r  v o i d - f i l l  cement (F ig .  1 8 ) .  T h i r d ,  r a d i a x i a l  
s p a r s  o f t e n  o v e rg ro w  f i b r o u s  c e m e n t s  w h ich  r e t a i n  t h e i r  
own o p t i c a l  and c r y s t a l l o g r a p h i c  i d e n t i t y  a f t e r  th ey  a r e  
ov e rg ro w n  ( F i g .  1 8 ) .  I f  r a d i a x i a l  s p a r s  w e re  formed by 
neomorphism of  a f i b r o u s  p r e c u r s o r ,  t h e  e x i s t i n g  f i b r o u s  
cements which have been overgrown by r a d i a x i a l  s p a r  shou ld  
a l s o  have been neomorphosed.
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The f o u r t h  and m o s t  c o m p e l l i n g  e v i d e n c e  f o r  d i r e c t  
p r e c i p i t a t i o n  o f  r a d i a x i a l  c a l c i t e  i s  t h a t  i n c l u s i o n - r i c h  
b a n d s  w i t h i n  r a d i a x i a l  s p a r  show growth p a t t e r n s  s i m i l a r  
to  t h o s e  observed  on e x i s t i n g  r a d i a x i a l  t e r m i n a t i o n s  (P ig s .  18 
a n d  1 9 ) .  M i m i c k i n g  o f  e x i s t i n g  t e r m i n a t i o n s  by t h e  
i n c l u s i o n - r i c h  b a n d s  i n d i c a t e s  t h a t  r a d i a x i a l  s p a r s  have 
grown w i t h  e s s e n t i a l l y  t h e  same c r y s t a l  fo rm  t h a t  t h e y  
have to d ay .  I n c l u s i o n - r i c h  bands t h a t  d e f i n e  former rhombic 
and s c a l e n o h e d r a l  c r y s t a l  f a c e s  a r e  e s p e c i a l l y  s t r o n g  ev idence  
t h a t  t h e s e  s p a r s  grew o r i g i n a l l y  a s  l a r g e r  b lad ed  o r  equ-  
a n t - t o - b l a d e d  c r y s t a l s  ( F i g s .  18 -  2 0 ) .  I t  i s  d i f f i c u l t  
t o  imagine how a l t e r a t i o n  of  a f i b r o u s  cement cou ld  produce  
i n c l u s i o n  p a t t e r n s  t h a t  a p p a r e n t l y  d e f i n e  former c r y s t a l  
f a c e s .
O r g a n ic  c o a t i n g  and  c r y s t a l  f l a w s  on o r  a s s o c i a t e d  
w i t h  s u b c r y s t a l s  c o u l d  e a s i l y  r e s u l t  i n  r o u g h l y  l i n e a r  
i n c l u s i o n s .  As s u b c r y s t a l s  t en d ed  t o  converge  and c o a l e s c e ,  
t h e  m as te r  c r y s t a l s  would d ev e lo p  undu lose  e x t i n c t i o n  w i th  
c o n v e rg in g  o p t i c  a x es  which i s  c h a r a c t e r i s t i c  o f  r a d i a x i a l  
s p a r s  ( B a t h u r s t ,  1959; K enda l l  and Tucker ,  1973; K e n d a l l ,  
1984) . Kendal l  (1984) c o n c lu d es  t h a t  fo r m a t io n  of r a d i a x i a l  
s p a r  i s  t h e  r e s u l t  o f  c r y s t a l  s p l i t t i n g  fo l lo w ed  by t h e  
convergence  of c o a l e s c i n g  s u b c r y s t a l s .  T h e r e f o r e ,  development 
of l i n e a r  i n c l u s i o n s ,  l a t t i c e  c u r v a t u r e ,  and undu lose  e x t i n c t i o n  
would  n o t  r e q u i r e  neomorphism but  cou ld  dev e lo p  by d i r e c t  
p r e c i p i t a t i o n  in  t h e i r  p r e s e n t  form.
163
D ia g e n e t i c  Environment of Form ation
S t a b l e  c a r b o n  a nd  o xygen  i s o t o p e s  s t r o n g l y  i n d i c a t e  
t h a t  t h e  Enewetak r a d i a x i a l  cement formed i n  m ar ine  w a te r ;  
however, i t  i s  u n c l e a r  when t h e  r a d i a x i a l  cement p r e c i p i t a t e d  
and w h e t h e r  p r e c i p i t a t i o n  was i n  s h a l l o w  o r  deep m ar ine  
w a t e r .  P e t r o g r a p h i c a l l y , two o b s e r v a t i o n s  c an  be u se d  
t o  h e l p  d e c i p h e r  t h e  a p p r o x i m a t e  t i m i n g  o f  c e m e n ta t i o n .  
F i r s t ,  most r a d i a x i a l  cements  formed d i s t i n c t l y  a f t e r  p e l l e t e d  
i n t e r n a l  s e d i m e n ta t io n ,  b u t  i n  a t  l e a s t  one c a s e ,  r a d i a x i a l  
c e m e n t a t i o n  a l t e r n a t e s  w i t h  p e l l e t e d  i n t e r n a l  s e d i m e n t ­
a t i o n .  Second, t h e  r a d i a x i a l  cements  g e n e r a l l y  p r e c i p i t a t e d  
a f t e r  d i s s o l u t i o n  of  a r a g o n i t e .
The s i n g l e  o c c u r re n c e  of a l t e r n a t i n g  r a d i a x i a l  cement 
and  p e l l e t e d  i n t e r n a l  s e d i m e n t  i s  d i f f i c u l t  t o  e v a l u a t e  
b e c a u s e  i t  may w e l l  be an i s o l a t e d  o c c u r r e n c e  and because  
t h e  o r i g i n  o f  p e l l e t e d  i n t e r n a l  s e d i m e n t  i s  u n c e r t a i n .  
M acin ty re  (1977) d e s c r i b e s  s i m i l a r  p e l l e t e d  i n t e r n a l  s e d im e n ts  
from Panama and c o n c lu d e s  t h a t  th ey  a r e  e s s e n t i a l l y  a m ar ine  
c e m e n t .  I n  c o n t r a s t ,  Land and  Moore (1980) d i s c u s s  t h e  
f o r m a t i o n  o f  p e l l e t e d  i n t e r n a l  s e d i m e n t s  i n  a s s o c i a t i o n  
w i t h  r e e f - r e l a t e d  o r g a n i s m s ,  e s p e c i a l l y  C l i o n i d  sponges .  
I f  t h e  i n t e r n a l  s e d i m e n t s  a r e  b a s i c a l l y  m a r i n e  cements ,  
t h e y  c o u l d  t h e o r e t i c a l l y  form in  any m arine  w a te r s  s u p e r ­
s a t u r a t e d  w i th  r e s p e c t  t o  c a l c i t e ,  p ro v id ed  t h a t  s u f f i c i e n t  
v o lum es  o f  w a te r s  were  a b l e  t o  c i r c u l a t e  th ro u g h  t h e  p o re  
s y s t e m .  Modern P a c i f i c  Ocean w a te r  i s  s u p e r s a t u r a t e d  w i th  
r e s p e c t  t o  c a l c i t e  down t o  a p p ro x im a te ly  1000 m. A c t iv e
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modern m a r i n e  c i r c u l a t i o n  o c c u r s  t o  d e p t h s  o f  a t  l e a s t  
579 m in  t h e  v i c i n i t y  of t h e  F - l  w e l l .
However, i f  t h e  i n t e r n a l  sed im ent  was formed by m arine  
o rg an ism s  l i k e  C l io n i d  sp on ges ,  t h e  i n t e r n a l  sed iment  must 
have been g e n e r a t e d  w i t h i n  50 cm of t h e  ro c k -w a te r  i n t e r f a c e  
(Moore, 1984, p e r s .  comm.). The lo n e  o b s e r v a t i o n  of i n t e r n a l  
sed im ent  a l t e r n a t i n g  w i th  r a d i a x i a l - t y p e  cem en ta t io n  oc cu rs  
i n  c o r e  6 o f  t h e  F - l  w e l l .  Core 6 (811 -  819 m) i s  t h e  
d e e p e s t  c o r e  i n  w h ich  r a d i a x i a l  c a l c i t e  was p o s i t i v e l y  
i d e n t i f i e d .  C a r b o n a t e  r o c k s  i n  c o r e  6 p r o b a b l y  fo rm ed  
i n  a d e ep  r e e f  o r  s h a l l o w  f o r e - r e e f  environment  t h a t  was 
s i g n i f i c a n t l y  d e e p e r  th a n  env ironm en ts  i n  which c a rb o n a te  
r o c k s  o f  F - l  c o r e s  3 -  5 (375 -  611 m) w ere  d e p o s i t e d
(S ch lan g e r ,  1963) .  T h e r e f o r e ,  even i f  t h e  i n t e r n a l  sed im en ts  
had  an o r g a n i c  o r i g i n ,  t h e  i n t e r n a l  s e d im en ts  a l t e r n a t i n g  
w i t h  r a d i a x i a l  cements may have formed i n  r e l a t i v e l y  deep 
w a te r  (maybe 200 m) ve ry  n e a r  t h e  ro c k -w a te r  i n t e r f a c e .
P r e c i p i t a t i o n  o f  r a d i a x i a l  cem ent  a f t e r  a r a g o n i t e  
d i s s o l u t i o n  i s  v e ry  s i g n i f i c a n t .  I f  r a d i a x i a l  s p a r s  were 
p r e c i p i t a t e d  in  sha l low  m arine  c o n d i t i o n s ,  one would e x p ec t  
r a d i a x i a l  s p a r s  t o  form s h o r t l y  a f t e r  d e p o s i t i o n  and p r i o r  
t o  a r a g o n i t e  d i s s o l u t i o n ,  b u t  t h i s  i s  n o t  t h e  c a s e .  I f  
m e te o r i c  w a te r s  were r e s p o n s i b l e  f o r  a r a g o n i t e  d i s s o l u t i o n ,  
r a d i a x i a l  c e m e n ts  c o u l d  h a v e  fo rm ed  a n y w h ere  f rom n e a r  
sea  l e v e l  t o  t h e i r  p r e s e n t  b u r i a l  d e p th .
D a ta  p r e s e n t e d  h e r e  and in  f o l lo w in g  s e c t i o n s  s u g g e s t  
t h a t  m ost  Lower Miocene  s t r a t a  hav e  n e v e r  b e en  e x p o s e d
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t o  any s i g n i f i c a n t  m e t e o r i c  d i a g e n s i s .  The g e n e r a l  absence 
o f  (1) m e t e o r i c  c e m e n t s ,  (2) m e t e o r i c  n e o m o rp h ic  s p a r s ,  
and  (3) m e t e o r i c - t y p e  a l t e r a t i o n  of c o r a l l i n e  a l g a e  (see  
D i s c u s s io n  o f  HMC) s u g g e s t s  t h a t  p e r v a s i v e  a r a g o n i t e  d i s s o l u t i o n  
was n o t  accom pl ished  by m e te o r i c  w a t e r s .  In  t h i s  s i t u a t i o n ,  
t h e  o n l y  v i a b l e  a l t e r n a t i v e  t o  m e t e o r i c  d i s s o l u t i o n  o f  
a r a g o n i t e  i s  a r a g o n i t e  d i s s o l u t i o n  by m arine  w a te r  below 
t h e  a r a g o n i t e  s a t u r a t i o n  d e p th .  Modern P a c i f i c  Ocean w a te r  
become u n d e r s a t u r a t e d  w i th  r e s p e c t  t o  a r a g o n i t e  a t  d e p th s  
o f  a p p r o x i m a t e l y  300 -  350 m (L i  e t  a l . ,  196 9 ;  S c h o l l e  
e t  a l . ,  1983) .  I t  i s  p r o b a b le  t h a t  t h e  a r a g o n i t e  s a t u r a t i o n  
d ep th  has  been even s h a l lo w e r  i n  t h e  p a s t ,  p o s s i b l y  reach ing  
i n t o  t h e  th e r m o c l in e  100 -  250 m deep .  Given t h e  r e l a t i v e l y  
f r e e  c i r c u l a t i o n  of modern m ar ine  w a te r s  th ro u g h  t h e  a t o l l ,  
a r a g o n i t e  d i s s o l u t i o n  by d e e p e r  m a r i n e  w a t e r s  i s  q u i t e  
f e a s i b l e  e x p e c i a l l y  a t  t h e  s i t e  of t h e  F - l  w e l l .
I f  a r a g o n i t e  d i s s o l u t i o n  d i d  o c c u r  i n  m ar ine  w a te r s  
below th e  a r a g o n i t e  s a t u r a t i o n  d e p th ,  most r a d i a x i a l  cements 
would have had t o  p r e c i p i t a t e  be tween t h e  a r a g o n i t e  s a t u r a t i o n  
d e p t h  and t h e i r  c u r r e n t  b u r i a l  dep th  (375 -  819 m d e e p ) .  
A s i m i l a r  s e q u e n c e  o f  d e e p  m a r i n e  a r a g o n i t e  d i s s o l u t i o n  
and c a l c i t e  p r e c i p i t a t i o n  has  been  d e s c r i b e d  i n  t h e  Tongue 
of  t h e  Ocean, Bahamas (S ch lag e r  and James,  1978) .  At t h a t  
l o c a t i o n ,  cements  and o t h e r  d i a g e n e t i c  c a l c i t e s  c o n ta in in g  
3 .5  -  5 .0  mole % MgC03 were formed i n  a deep m ar ine  environment  
( S c h l a g e r  and J a m e s ,  1 9 7 8 ) .  The d e e p  m a r i n e  d i a g e n e s i s  
d e s c r i b e d  i n  t h e  Tongue of t h e  Ocean by S c h lag e r  and James
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(1978) seems c l o s e l y  ana logous  t o  t h e  d i a g e n e t i c  a l t e r a t i o n  
of  deep m arine  s t r a t a  in  t h e  F - l  w e l l .
V id e t i c h  (1982) s u g g e s t s  t h a t  t h e s e  r a d i a x i a l  c a l c i t e s  
were o r i g i n a l l y  HMC and l o s t  t h e i r  magnesium d u r in g  m e te o r i c  
d i a g e n e s i s .  W hile  d a t a  p r e s e n t e d  h e r e  s u g g e s t  t h a t  t h e s e  
Lower Miocene s t r a t a  have n o t  been s u b j e c t e d  t o  s i g n i f i c a n t  
f r e s h w a t e r  d i a g e n e s i s ,  t h e r e  i s  a d i s t i n c t  p o s s i b i l i t y  
t h a t  t h e s e  r a d i a x i a l  cements may have l o s t  some magnesium 
a f t e r  p r e c i p i t a t i o n .  However,  s t a b l e  c a r b o n  and  oxygen 
i s o t o p e s  i n d i c a t e  t h a t  any p o s s i b l e  HMC t o  LMC t r a n s i t i o n  
o c c u r r e d  i n  m a r i n e  w a t e r s  (Land and  E p s t e i n ,  1970) . I f  
t h e  a r a g o n i t e  d i s s o l u t i o n  d id  occur  i n  m ar ine  w a te r s  below 
t h e  a r a g o n i t e  s a t u r a t i o n  d e p th ,  t h e  r a d i a x i a l  c a l c i t e  cements 
must  have  o r i g i n a l l y  been l e s s  s o l u b l e  (more s t a b l e )  th a n  
t h e  p r e v i o u s l y  d i s s o l v e d  a r a g o n i t e .  T h e r e f o r e ,  r a d i a x i a l  
c a l c i t e  p r o b a b l y  c o n t a i n e d  l e s s  t h a n  8 - 1 2  mole % MgCC>3 
when i t  was i n i t i a l l y  p r e c i p i t a t e d  (Chave e t  a l . ,  1962; 
Plummer and Mackenzie, 1974; W a l t e r ,  1984) .
V id e t i c h  (1982) a r g u e s  t h a t  t h e  c o n s i s t e n t l y  low magnesium 
c o n t e n t  o f  i n c l u s i o n - r i c h  l a m i n a t i o n s  ( r e l a t i v e  t o  c l e a r  
l a m i n a t i o n s )  i s  t h e  r e s u l t  o f  g r e a t e r  p o r o s i t y  and more 
e f f i c i e n t  e x p u l s io n  of  magnesium in  i n c l u s i o n - r i c h  l a m i n a t io n s  
r e l a t i v e  t o  c l e a r  l a m i n a t i o n s .  An a l t e r n a t i v e  e x p la n a t i o n  
i s  t h a t  t h e  magnesium c o n c e n t r a t i o n s  observed  i n  t h e  r a d i a x i a l  
cements a r e  l a r g e l y  p r im a ry .  I f  t h o s e  cements p r e c i p i t a t e d  
a t  s i g n i f i c a n t  d e p t h s  i n  t h e  o c e a n ,  i t  i s  v e ry  p o s s i b l e  
t h a t  t h e  2 -4  (and  s o m e t im e s  2 -8 )  mole  % MgCOj c a l c i t e s
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w ere  p r e c i p i t a t e d  d i r e c t l y  f rom  s e a w a t e r .  The chemical  
c o n d i t i o n s  r e s p o n s i b l e  f o r  some c e m e n ts  b e i n g  c l e a r  and 
o t h e r s  b e in g  i n c l u s i o n - r i c h  cou ld  a l s o  be r e s p o n s i b l e  f o r  
c l e a r  cements be ing  m agnes ium-r ich  and i n c l u s i o n - r i c h  cements 
be ing  magnesium-poor.
The l a r g e  magnesium v a r i a t i o n s  obse rved  w i t h i n  c l e a r  
r a d i a x i a l  cements (F ig .  24) s u g g e s t  t h a t  t h e r e  a r e  s i g n i f i c a n t  
p r e c i p i t a t i o n a l  v a r i a t i o n s  i n  magnesium c o n c e n t r a t i o n s  
i n  r a d i a x i a l  cements  which a r e  n o t  r e l a t e d  t o  d i f f e r e n c e s  
i n  p o r o s i t y  o r  s u b s e q u e n t  d i a g e n e s i s .  The t e n d e n c y  of  
magnesium t o  d e c r e a s e  w i th  s lower  growth r a t e s  cou ld  c o r re spo n d  
t o  s low  o r  p e r i o d i c  cement growth under i n c r e a s i n g  b u r i a l  
d e p t h  and d e c r e a s i n g  c a l c i t e  s a t u r a t i o n  c o n d i t i o n s .  The 
a l t e r n a t i o n  o f  c l e a r  (Mg-rich) and i n c l u s i o n - r i c h  (Mg-poor) 
r a d i a x i a l  cements co u ld  r e f l e c t  s m a l l e r  s c a l e  o s c i l l a t i o n s  
in  geochemical  c o n d i t i o n s  which m igh t  i n c r e a s e  and d e c r e a s e  
c a l c i t e  s a t u r a t i o n  l e v e l s  and p r e c i p i t a t i o n  r a t e s .
D ecreas ing  magnesium c o n c e n t r a t i o n  in  r a d i a x i a l  cements 
w i t h  d e p t h  c an  be c o r r e l a t e d  t o  d e c r e a s e s  in  t e m p e r a tu re  
and  d e g r e e  o f  c a l c i t e  s a t u r a t i o n  w i t h  d e p t h  in  a d j a c e n t  
o c e a n  w a t e r  ( F i g .  3) . F u c h t b a u e r  and H a rd ie  (1976) have 
e x p e r i m e n t a l l y  d e m o n s t r a t e d  t h a t  t h e  amount of  magnesium 
i n c o r p o r a t e d  in  c a l c i t e  d e c r e a s e s  w i th  d e c r e a s in g  t e m p e r a tu re .  
Chave e t  a l .  (196 2) have a l s o  d e m o n s t ra ted  t h a t  a s  magnesium 
c o n c e n t r a t i o n  i n  c a l c i t e  d e c r e a s e s ,  t h a t  c a l c i t e  w i l l  be 
s t a b l e  in  w a te r s  w i th  lower d e g re e s  of  c a l c i t e  s a t u r a t i o n .  
The d e c r e a s e  in  magnesium c o n c e n t r a t i o n  w i th  dep th  in  r a d i a x i a l
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cem en t  m ig h t  be due t o  (1) a c o n t in u o u s  r e - e q u i l i b r a t i o n  
of  r a d i a x i a l  cements  w i th  i n t e r s t i t i a l  m ar ine  w a te r s  r e s u l t i n g  
i n  l o s s  of  magnesium w i th  i n c r e a s e d  b u r i a l  o r  (2) p r e c i p i ­
t a t i o n  o f  r a d i a x i a l  s p a r s  w i t h  lower  o r i g i n a l  magnesium 
c o n t e n t s  i n  p r o g r e s s i v e l y  d e e p e r  m a r i n e  e n v i r o n m e n t s .  
Loss of  magnesium from c a l c i t e  d u r in g  b u r i a l  w i l l  be d i s c u s s e d  
f u r t h e r  in  a s e c t i o n  on d i a g e n e s i s  of  HMC.
The g e n e r a l  t r e n d  of  i n c r e a s i n g  6*®0 w i th  dep th  (F ig .  36) , 
p r o b a b l y  r e f l e c t s  t h e  p r e c i p i t a t i o n  of r a d i a x i a l  s p a r  in  
p r o g r e s s i v e l y  c o ld e r  and d e epe r  m ar ine  w a t e r s .  I t  i s  p o s s i b l e  
t h a t  t h e  i n c r e a s i n g  o f  r a d i a x i a l  cements cou ld  a l s o
r e f l e c t  a p r o g r e s s i v e  r e - e q u i l i b r a t i o n  of  oxygen i s o t o p e s  
d u r in g  b u r i a l .  However, t h e  p r e s e n c e  of s i g n i f i c a n t  i n t e r n a l  
v a r i a t i o n s  i n  6 1^ 0  w i t h i n  i n d i v i d u a l  c o r e s  (see  i s o t o p e  
a n a l y s e s  from c o r e s  3 and 5) and p r e s e r v a t i o n  of ve ry  l i g h t  
c a r b o n  and oxygen i s o t o p e s  i n  E - l  c o r e  2 (855 m) , su g g e s t  
t h a t  s i g n i f i c a n t  i s o t o p i c  r e - e q u i l i b r a t i o n  has  n o t  o c c u r re d .
Comparison t o  A nc ien t  R a d ia x ia l  C a l c i t e s
R a d ia x ia l  s p a r s  have been  p r e v i o u s l y  r e p o r t e d  in  Devonian,  
M i s s i s s i p p i a n ,  P e n n sy lv a n ia n ,  Permian ,  T r i a s s i c ,  J u r a s s i c ,  
C r e t a c e o u s ,  and E ocene  s t r a t a  ( B a t h u r s t ,  1959 ;  K e n d a l l  
and T u c k e r ,  1973;  Lohmann and Meyers,  1977; D av ies ,  1977; 
Z a n k l ,  1971 ;  M i r s a l  and Z ank l ,  1979; M a t te s  and Mountjoy,  
198 0 ;  M a r s h a l l ,  19 8 1 ;  B e b o u t  a nd  L o u c k s ,  197 4 ;  Achauer,  
1977; G a r r i s o n ,  1 9 7 2 ) .  M a rsh a l l  (1981) d e s c r i b e s  r a d i a x i a l  
s p a r  i n  ch am b ers  f rom  an am m oni te  b u r i e d  i n  a J u r a s s i c
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s a n d s t o n e .  G a r r i s o n  (1972) r e p o r t s  r a d i a x i a l  cements  in  
l i m e s t o n e s  i n t e r b e d d e d  w i th  p i l l o w  b a s a l t s .  In  most o th e r  
o c c u r e n c e s ,  r a d i a x i a l  s p a r s  a r e  a s s o c i a t e d  w i th  r e e f s  and 
bioherms ( B a th u r s t ,  1959; K enda l l  and T ucker ,  1973; Lohmann 
and M e y e rs ,  19 7 7 ;  M i r s a l  and  Z a n k l ,  1979 ;  D a v ie s ,  1977; 
Bebout,  S c h a t z in g e r ,  and Loucks, 1977; Achauer,  1977; M at tes  
and Mountjoy,  1980) .
D a v i e s  (1977) , Lohmann and Meyers (1977) ,  M irsa l  and 
Zankl (1979) , and M a t te s  and Mountjoy (1980) found d o lo m i te s  
a s s o c i a t e d  w i t h  r a d i a x i a l  c a l c i t e s .  D a v i e s  (1977) and  
Lohmann and Meyers (1977) documented m ic ro d o lo m i te s  d i s p e r s e d  
th r o u g h  t h e i r  r a d i a x i a l  cements and used t h e  m ic ro d o lo m i te  
a s  e v i d e n c e  o f  a f i b r o u s  HMC p r e c u r s o r  f o r  t h e  r a d i a x i a l  
s p a r s .  F u r t h e r m o r e ,  Lohmann a n d  M eyers  (1977) p roposed  
t h a t  m ic ro d o lo m i te  ex so lv ed  from t h e  HMC p r e c u r s o r .  M irsa l  
and Zankl (1979) found f i n e ,  id iom orph ic  d o lo m i te s  f i l l i n g  
p o re  sp a ce s  w i t h i n  a r a d i a x i a l  cement l a m i n a t io n  and su g g e s te d  
t h a t  t h e  d o l o m i t e s  w e r e  a s i g n i f i c a n t l y  l a t e r  d i a g e n e t i c  
f e a t u r e .  M a t te s  and Mountjoy (1980) found d o lo m i te  overgrowing 
r a d i a x i a l  cements i n  t h e  Devonian o f  Canada.
The d o l o m i t e s  o v e r l y i n g  r a d i a x i a l  s p a r s  i n  sam p le  
F - l - 3 - 2 2  a r e  most  l i k e l y  a d i r e c t  p r e c i p i t a t e .  The c lo s e  
a s s o c i a t i o n  o f  d o l o m i t e  and  t h e  r a d i a x i a l  cement in  t h e  
Lower Miocene of  Enewetak s u g g e s t s  t h a t  r a d i a x i a l  cements 
and  d o l o m i t e s  c an  be d i r e c t l y  p r e c i p i t a t e d  i n  s i m i l a r  or 
a s s o c i a t e d  a q u e o u s  s y s t e m s .  T h i s  a s s o c i a t i o n ,  in  t u r n ,  
s u g g e s t s  t h a t  m i c r o d o l o m i t e s  i n  r a d i a x i a l  c em en ts  might
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be d i r e c t l y  p r e c i p i t a t e d  from a lm o s t  t h e  same aqueous system 
t h a t  i s  p r e c i p i t a t i n g  r a d i a x i a l  cements o r  a p e r i o d i c a l l y  
m o d i f i e d  s y s t e m .  T h e r e f o r e ,  i t  may be p o s s i b l e  t h a t  t h e  
m i c r o d o l o m i t e s  o f  D a v i e s  (1977) and  Lohmann and  Meyers  
(1977) a r e  d i r e c t l y  p r e c i p i t a t e d  o r  a r e  due t o  rep lacem en t  
r a t h e r  t h a n  e x s o l u t i o n .
Most a n c i e n t  r a d i a x i a l  c a l c i t e s  o c c u r  w i t h i n  r o c k s  
t h a t  w e r e ,  o r  c o u l d  have  b e e n ,  i n  c o n t a c t  w i th  a c t i v e l y  
c i r c u l a t i n g  deep ocean  w a te r  a t  t h e  t im e  of r a d i a x i a l  cement­
a t i o n  ( s e t t i n g s  r o u g h l y  s i m i l a r  t o  t h a t  of Lower Miocene 
s t r a t a  i n  t h e  Enewetak  F - l  w e l l )  . R a d i a x i a l  s p a r s  a r e  
com m only  f o u n d  i n  L a t e  P a l e o z o i c  b i o h e r m s ,  e s p e c i a l l y  
W a u ls o r t i a n  mounds ( B a th u r s t ,  1959, 1975; K enda l l  and Tucker ,  
1 97 3 ;  Lohmann and  Meyers, 19 7 7 ) .  L a te  P a l e o z o ic  bioherms 
a r e  t h o u g h t  t o  h a v e  fo rm ed  in  m o d e ra te ly  deep b a s i n s  and 
w e r e  p e r h a p s  a s s o c i a t e d  w i t h  a c t i v e  m a r i n e  c i r c u l a t i o n  
( W i l s o n ,  1 9 7 5 ) .  L i k e w i s e ,  r a d i a x i a l  s p a r s  a r e  found in  
a n c i e n t  s h e l f  margin r e e f s  (Dav ies ,  1977; Bebout and Loucks, 
1974; Achauer,  1977; M ir sa l  and Z an k l ,  1979) where m o d e ra te ly  
deep m ar ine  w a te r  co u ld  have been  c i r c u l a t i n g  th ro u g h  very  
perm eab le  r e e f - r e l a t e d  l i m e s t o n e s .  Achauer (1977) i n d i c a t e s  
t h a t  r a d i a x i a l  cements  a r e  r e s t r i c t e d  t o  r e e f s  o f  t h e  S t u a r t  
C i t y  t r e n d  a t  t h e  s e a w a r d  edge  o f  t h e  c o n t i n e n t a l  s h e l f  
in  Lower C r e t a c e o u s  c a r b o n a t e s  i n  T e x a s .  The D evon ian  
r e e f  complex  d e s c r i b e d  by M a t te s  and Mountjoy (1980) has  
a g e o m e t r i c  c o n f i g u r a t i o n  s i m i l a r  t o  t h e  Enewetak A t o l l  
w i t h  a l a r g e  c a r b o n a t e  mound b u i l d i n g  v e r t i c a l l y  above
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a d e e p e r  m a r i n e  b a s i n .  T h a t  Devonian r e e f  complex, l i k e  
t h e  Lower Miocene of Enewetak a l s o  c o n t a i n s  abundant  r a d i a x i a l  
cements.
I t  i s  q u i t e  p o s s i b l e  t h a t  most  a n c i e n t  r a d i a x i a l  cements 
were p r e c i p i t a t e d  in  an i s l a n d  o r  s h e l f  margin environment 
s i m i l a r  t o  t h a t  of Miocene s t r a t a  on Enewetak where m od era te ly  
deep m ar ine  w a te r s  ( u n d e r s a t u r a t e d  w i th  r e s p e c t  t o  a r a g o n i t e )  
flowed th rough  very  permeable  c a r b o n a t e  ro ck s .
Coarse  Bladed Cements i n  Upper Eocene S t r a t a
Bladed cements of  E - l  c o r e  3 (1243 -  1250 m) a r e  s i m i l a r  
t o  b l a d e d  and  f i b r o u s  c e m e n ts  in  a l l o c h th o n o u s  c l a s t s  in  
Upper Eocene  s t r a t a  o f  t h e  F - l  w e l l .  P e t r o g r a p h i c a l l y , 
t h e s e  b l a d e d  c e m e n t s  o f  t h e  Upper Eocene of t h e  E - l  and 
F - l  w e l l s  a r e  o f t e n  i n d i s t i n g u i s h a b l e  ( F i g s .  21 d & f ) . 
S t ro n t iu m  and magnesium c o n c e n t r a t i o n s  in  b laded  and f i b r o u s  
cem ents  of  a l l o c h th o n o u s  c l a s t s  a r e  a p p ro x im a te ly  t h e  same 
a s  i n  a u t o c h t h o n o u s  b l a d e d  c e m e n t s  i n  c o re  3 of t h e  E - l  
w e l l  (Table  2 ) .  S t a b l e  carbon  and oxygen i s o t o p e s  c l e a r l y  
i n d i c a t e  t h a t  t h e  b laded  cements i n  E - l  c o r e  3 a r e  m arine  
in  o r i g i n .  The s i m i l a r i t y  of b laded  cements in  t h e  a l l o c h ­
th o n o u s  c l a s t s  and  b l a d e d  cements  i n  E - l  c o r e  3 s u g g e s t s  
t h a t  b laded  and f i b r o u s  cements in  t h e  a l l o c h th o n o u s  c l a s t s  
a r e  a l s o  m ar ine  in  o r i g i n .
In  t h i s  s t u d y ,  t h e  o n l y  i m p o r t a n t  d i f f e r e n c e  found
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b e tw e e n  t h e  a u t o c h t h o n o u s  b l a d e d  c e m e n t s  (Upper Eocene, 
E - l  w e l l )  and t h e  b lad e d  t o  f i b r o u s  cements in  a l l o c h th o n o u s  
c l a s t s  (Upper Eocene,  E - l  w e l l )  in v o lv e s  t im in g  o f  c em en ta t ion  
r e l a t i v e  t o  a r a g o n i t e  d i s s o l u t i o n .  In  a l l o c h th o n o u s  c l a s t s  
o f  t h e  Upper Eocene  s t r a t a  o f  t h e  F - l  w e l l ,  a l l  b l a d e d  
and f i b r o u s  cements  p r e c i p i t a t e d  b e f o r e  a r a g o n i t e  d i s s o l u t i o n .  
In c o re  3 of t h e  E - l  w e l l ,  a s i g n i f i c a n t  amount of cem en ta t io n  
by b l a d e d  c a l c i t e  o c c u r r e d  a f t e r  a r a g o n i t e  d i s s o l u t i o n .  
As w i t h  t h e  m ass ive  d i s s o l u t i o n  of a r a g o n i t e  in  t h e  Lower 
Miocene  o f  t h e  F - l  w e l l ,  a r a g o n i t e  in  t h e s e  Upper Eocene 
s t r a t a  cou ld  have been d i s s o l v e d  by m e te o r i c  w a te r  or  f a i r l y  
d e ep  m a r i n e  w a t e r .  T h e r e  i s  no c o n c l u s i v e  p e t r o g r a p h i c  
o r  g e o c h e m i c a l  e v i d e n c e  o f  m e t e o r i c  a l t e r a t i o n  in  t h e s e  
r o c k s .  These  Upper Eocene  s t r a t a  a r e  now f a r  below t h e  
modern  a r a g o n i t e  s a t u r a t i o n  d e p t h  f o r  t h e  P a c i f i c  Ocean 
(L i  e t  a l . ,  1 9 6 9 ) .  A t o l l  hydro logy  i n d i c a t e s  t h a t  m arine  
w a t e r s  a r e  s t i l l  c i r c u l a t i n g  t h r o u g h  t h o s e  Upper Eocene 
s t r a t a  a n d ,  h e n c e ,  c o u l d  e a s i l y  d i s s o l v e  a r a g o n i t e .  No 
se d im en ts  a r e  found in  a r a g o n i t e  molds of  t h e  a l l o c h th o n o u s  
c l a s t s  s u g g e s t i n g  t h a t  t h e  molds formed a f t e r  t h e  a l l o c h th o n o u s  
c l a s t s  were  d e p o s i t e d .
T h e s e  b l a d e d  a n d  f i b r o u s  c e m e n t s  ( i n  Upper Eocene 
s t r a t a )  p r o b a b ly  p r e c i p i t a t e d  from se aw a te r  n e a r  t h e  seaward 
margin o f  t h e  a t o l l .  P r i o r  t o  a r a g o n i t e  d i s s o l u t i o n ,  c l a s t s  
o f  some w e l l -cem en ted  r e e f  and n e a r - r e e f  s t r a t a  cou ld  have 
b een  b r o k e n  o f f  and t r a n s p o r t e d  downslope u n t i l  they  were 
d e p o s i t e d  in  deep f o r e - r e e f  and s l o p e  env ironm en ts  s i m i l a r
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t o  t h o s e  r e p r e s e n t e d  by Upper Eocene  s t r a t a  o f  t h e  F - l  
w e l l .  A f t e r  be ing  t r a n s p o r t e d  downslope,  a r a g o n i t i c  g r a i n s  
i n  t h o s e  c l a s t s  were p ro b a b ly  d i s s o l v e d  by r e l a t i v e l y  deep 
m a r i n e  w a t e r s  c i r c u l a t i n g  t h r o u g h  t h e  s e d i m e n t s .  Other 
Upper Eocene  r e e f  and  r e e f - w a l l  s t r a t a ,  l i k e  c o r e  3 of  
t h e  E - l  w e l l ,  r e m a in e d  i n  p l a c e .  As t h e  a t o l l  s u b s id e d ,  
mar ine  cem en ta t io n  c o n t in u e d  in  t h o s e  s t r a t a  n e a r  t h e  seaward 
margin of t h e  a t o l l .  When su b s id e n c e  had lowered  t h e  s t r a t a  
be low  t h e  a r a g o n i t e  s a t u r a t i o n  de p th  ( p r e s e n t l y  about  3 00 
m) , d i s s o l u t i o n  o f  a r a g o n i t e  o c c u r r e d .  A f t e r  d i s s o l u t i o n  
of a r a g o n i t e ,  t h o s e  a r a g o n i t e  molds were r e f i l l e d  by b laded  
c a l c i t e  cem ent  p r e c i p i t a t e d  by m a r i n e  w a t e r  c i r c u l a t i n g  
th ro u gh  E - l  c o re  3 .  The b laded  cements  now c o n ta in  f a i r l y  
low magnesium c o n c e n t r a t i o n s  ( l e s s  t h a n  0 .5  w e i g h t  %), 
s i m i l a r  t o  magnesium c o n c e n t r a t i o n s  in  c o - e x i s t i n g  c o r a l l i n e  
a l g a e .  T h i s  s i m i l a r i t y  s u g g e s t s  t h a t  t h e  Upper Eocene 
b laded  cements  ( l i k e  t h e  c o r a l l i n e  a lg a e )  o r i g i n a l l y  c o n ta in e d  
more magnesium.
Esh l n Qfler ro Qverg rpwt h s
I t  i s  d i f f i c u l t  t o  d i r e c t l y  d e te rm in e  t h e  environment  
o f  p r e c i p i t a t i o n  o f  e c h in o d e r m  o v e r g r o w t h s  b e c a u s e  (1) 
echinoderm overgrow ths  grow s y n t a x i a l l y  on echinoderm f ragm en ts  
and h e n c e  show a l m o s t  no v a r i a t i o n  in  morphology and (2) 
most overgrow ths  a r e  t o o  sm a l l  t o  e x t r a c t  f o r  s t a b l e  i s o t o p e  
a n a l y s i s .  However t h e  o r i g i n  o f  e c h in o d e r m  o v e rg ro w th s
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can  o f t e n  be i n f e r r e d  u s i n g  p e t r o g r a p h i c ,  magnesium, and 
s t a b l e  i s o t o p e  d a t a  from c l e a r l y  r e l a t e d  cements .
The o r i g i n  o f  e c h in o d e r m  o v e r g r o w t h s  i n  t h e  Lower 
Miocene of t h e  F - l  w e l l  can be i n f e r r e d  w i th  a f a i r  degree  
o f  c o n f i d e n c e .  I n c l u s i o n - r i c h  growth  l a m i n a t i o n s  can be 
t r a c e d  from r a d i a x i a l  c a l c i t e s  i n t o  echinoderm overgrowths  
i n d i c a t i n g  t h a t  t h e  o v e rg row th s ,  p r e c i p i t a t e d  sy n ch ro n ou s ly  
w i t h  r a d i a x i a l  c a l c i t e .  B eca u se  i t  was c o n c l u d e d  t h a t  
r a d i a x i a l  c a l c i t e  has  a m ar ine  o r i g i n ,  echinoderm overgrowths  
i n  t h e  Lower Miocene of t h e  F - l  w e l l  can a l s o  be i n f e r r e d  
t o  have a m ar ine  o r i g i n .
S i m i l a r l y ,  d i a g e n e t i c  a l t e r a t i o n  in  Upper Eocene s t r a t a  
of t h e  F - l  w e l l  a p p ea rs  t o  be m ar in e .  The l a c k  of  d i a g n o s t i c  
m e te o r i c  a l t e r a t i o n  s u g g e s t s  t h a t  p r e c i p i t a t i o n  of  echinoderm 
o v e r g r o w t h s  i n  Upper Eocene  s t r a t a  o f  t h e  F - l  w e l l  a l s o  
o c c u r r e d  i n  m ar ine  w a t e r s .  P r e c i p i t a t i o n  in  p r o g r e s s i v e l y  
d e e p e r ,  l e s s  s a t u r a t e d  m a r i n e  w a t e r s  m ig h t  h a v e  c a u s e d  
t h e  c o n s i s t e n t  d e c r e a s e  in  magnesium c o n c e n t r a t i o n  observed  
in  ove rg row ths  away from t h e  echinoderm g r a i n .
In  P l e i s t o c e n e  s t r a t a  on Enewetak, however, many echinoderm 
o v e r g r o w t h s  p r o b a b l y  fo rm ed  i n  m e t e o r i c  en v i ro n m en ts ,  as 
have  m o s t  o t h e r  P l e i s t o c e n e  c e m e n t s .  The magnesium and 
s t r o n t i u m  c o n c e n t r a t i o n s  o f  many e c h i n o d e r m  o v e rg r o w th s  
a r e  s i m i l a r  t o  many a d j a c e n t  m e t e o r i c  cements  s u g g e s t in g  
a m e te o r i c  o r i g i n  f o r  t h o s e  ove rg ro w ths .  The w id e ly  s c a t t e r e d  
d i s t r i b u t i o n  o f  ech in od erm  overgrow ths  in  t h e  P l e i s t o c e n e  
s u g g e s t s  p r e c i p i t a t i o n  i n  bo th  vadose  and p h r e a t i c  e n v i ron m en ts .
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In  P l e i s t o c e n e  sam ples  from Enewetak, magnesium concen­
t r a t i o n s  s u g g e s t  t h a t  some e a r l y  e c h in o d e r m  o v e rg ro w th s  
formed in  m ar ine  w a te r s  o r  in  m e t e o r i c  w a te r s  w i th  a s i g n i f i c a n t  
m a r in e  component. Echinoderm overgrow ths  i n  t h e  XEN-1 w e l l  
a t  14.3  m have a p p ro x im a te ly  1 .4  w e igh t  % magnesium. Using 
t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  o f  Katz (1973) and Winland 
(196 9) , t h e  w a t e r s  p r e c i p i t a t i n g  t h o s e  overgrow ths  shou ld  
have Mg2+/C a 2+ r a t i o s  between 1 .0  and 2.8  which a r e  s i g n i f i ­
c a n t l y  above  m os t  m e t e o r i c  w a t e r s  (Mg/Ca = 0 .05  -  0 .2 0 ,  
H a r r i s ,  1971 ;  0 .0 8 2  -  0 . 8 9 ,  L i v i n g s t o n e ,  1 9 6 3 ) .  Equal  
and e v en  h i g h e r  m agnesium  c o n c e n t r a t i o n s  can be found in  
t h e  p r o x i m a l  p o r t i o n s  o f  o t h e r  o v e r g r o w t h s  ( F i g .  2 3 ) .  
In  b o t h  c a s e s ,  o v e rg ro w th s  w i th  e l e v a t e d  magnesium l e v e l s  
s u g g e s t  t h a t  some m a r i n e  w a t e r  was m ixed  w i t h  m e t e o r i c  
w a t e r  t o  r a i s e  t h e  Mg2+/C a 2+ c o n te n t  in  t h e  p r e c i p i t a t i n g  
w a te r  and in  t h e  r e s u l t i n g  echinoderm overg row th .
DIAGENESIS OF ORIGINAL CARBONATE SEDIMENTS
T y p i c a l l y ,  sh a l lo w  m arine  c a r b o n a t e  s e d im e n ts  c o n s i s t  
of  a r a g o n i t e  (40 -  100%) and h igh -m ag nes ian  c a l c i t e  (HMC; 
5 -  50%) w i t h  o n l y  m in o r  l o w - m a g n e s i a n  c a l c i t e  (LMC; 0 
-  25%; S t e h l i  and  Hower, 19 61 ;  Fr iedman,  1964;  B a t h u r s t ,  
1975) .  During d i a g e n e s i s ,  c a r b o n a t e  se d im en ts  a r e  g e n e r a l l y  
t r a n s fo rm e d  i n t o  LMC and d o lo m i te  which a r e  therm odynam ica l ly  
more s t a b l e  u n d e r  m o s t  s e d i m e n t a r y  c o n d i t i o n s  ( G a r r e l s  
and C h r i s t ,  1 9 6 5 ) .  C o n v e r s i o n  o f  HMC and  a r a g o n i t e  t o  
LMC in  m e te o r i c  w a t e r s  has  been w e l l  documented (Friedman, 
1964; S c h la n g e r ,  1963; Land, 1966; L a n d e t a l . ,  1967; Matthews, 
1 9 6 7 ) .  D i s s o l u t i o n  a n d  c o n v e r s i o n  o f  HMC and  a r a g o n i t e  
t o  LMC by d e ep  m a r i n e  w a t e r s  has  a l s o  been documented by 
S c h l a g e r  and Ja m es  (1978)  and H a g g e r t y  ( 1 9 8 2 ) ;  however,  
s t u d i e s  o f  a n c i e n t  c a r b o n a t e s  r a r e l y  p r o p o s e  c o n v e r s i o n  
of  HMC and a r a g o n i t e  t o  LMC by deep m ar ine  w a t e r s .  D i s s o l u t i o n  
and c o n v e r s i o n  o f  HMC and a r a g o n i t e  t o  LMC may a l s o  occur  
in  b u r i a l  env ironm en ts  (Moore and Druckman, 1981) .
I n  p r e v i o u s  s t u d i e s ,  c a r b o n a t e  p e t r o l o g i s t s  have  
a t t e m p te d  t o  e s t a b l i s h  a h e i r a r c h y  o f  c a r b o n a t e  g r a i n  s t a b i l i t y  
and  d i s s o l u t i o n  (C r ic k m a y ,  19 4 5 ;  S c h l a n g e r ,  1964 ;  Land 
e t  a l . ,  1 9 6 7 ) .  O b s e r v a t i o n s  su m m ar ized  i n  F ig u r e s  40 -  
42 show t h a t  no s i n g l e  g r a i n  ty p e  i s  a lways more s u s c e p t a b l e  
t o  d i s s o l u t i o n  t h a n  any o t h e r  g r a i n  t y p e .  From F ig u r e s  
40 -  42,  i t  i s  a p p a r e n t  t h a t  a r a g o n i t i c  f o s s i l s  a r e  g e n e r a l l y
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F ig u re  40.
A l t e r a t i o n  o f  c a r b o n a t e  g r a i n s  i n  Q u a t e r n a r y  s t r a t a  of 
t h e  XRI-1 and XEN-1 w e l l s .
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F ig u re  41.
A l t e r a t i o n  o f  c a r b o n a t e  g r a i n s  i n  Q u a t e r n a r y  s t r a t a  of 
t h e  XAR-1 w e l l .
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F ig u r e  42.
A l t e r a t i o n  of c a l c a r e o u s  g r a i n s  in  Cenozoic c a r b o n a t e  s t r a t a  
of t h e  E - l  and F - l  w e l l s ,  Enewetak.
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more s u s c e p t a b l e  t o  d i s s o l u t i o n  t h a n  o r i g i n a l l y  h igh-m agnes ian
c a l c i t e  (HMC) , b e c a u s e  HMC c o n v e r t s  (or neomorphoses) t o  
LMC more e f f i c i e n t l y  t h a n  a r a g o n i t e .
D i a g e n e t i c  a l t e r a t i o n  o f  a r a g o n i t e  and HMC i s  q u i t e
v a r i a b l e  in  Cenozoic c a r b o n a t e s  on Enewetak. Most Holocene 
g r a i n s  a r e  u n a l t e r e d .  A l t e r a t i o n  o f  P l e i s t o c e n e  m e t a s t a b l e
g r a i n s  i s  h e t e r o g e n e o u s  and  i n c o m p l e t e .  For  example in
a s i n g l e  t h i n  s e c t i o n ,  i t  i s  common f o r :  (1) some c o ra l
t o  be d i s s o l v e d  w h i le  o t h e r  p a r t s  of t h e  same c o r a l  remain
i n t a c t ,  (2) some open p o re s  t o  have much more cement t h a n
o t h e r  p o r e s ,  and (3) c a l c i t i z e d  c o r a l ,  Halimeda o r  g a s t ro p o d s
t o  c o e x i s t  w i t h  u n a l t e r e d  o r  p a r t i a l l y  d i s s o l v e d  c o r a l ,
H a l im eda  o r  g a s t r o p o d s .  Those  f e a t u r e s  w e re  p r e v i o u s l y
r e c o g n i z e d  on Enewetak by Goter  (1979) .  In  Lower Miocene
and Upper Eocene s t r a t a  of t h e  F - l  w e l l  and c o r e  3 (1,243
-  1 ,2  50 m)of t h e  E - l  w e l l ,  a l l  o r i g i n a l  a r a g o n i t e  and HMC
g r a i n s  have been d i s s o l v e d  o r  c o n v e r t e d  t o  LMC o r  do lom i te
(F ig .  4 2 ) .
ARAGONITE
In  m o s t  a n c i e n t  r o c k s ,  t h e  a l t e r a t i o n  o f  a r a g o n i t e  
g r a i n s  r e s u l t s  in  e i t h e r  complete  d i s s o l u t i o n  of a r a g o n i t e  
or neomorphism t o  more c o a r s e l y  c r y s t a l l i n e  c a l c i t e  (Friedman, 
1 9 6 4 ) .  C o re s  f rom Enewetak p ro v id e  some v a l u a b l e  i n s i g h t  
i n t o  t h e  p r o c e s s e s  by which  a r a g o n i t e  i s  d i a g e n e t i c a l l y  
a l t e r e d .  The p r e s e n t  d i s t r i b u t i o n  of a r a g o n i t e  in  Cenozoic
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Enew etak  s t r a t a  i s  shown i n  F i g u r e s  10 -  1 4 .  O r i g i n a l  
a r a g o n i t e  c o n s i s t e d  p r i m a r i l y  of c o r a l ,  Halimeda. and m o l lu sc  
s k e l e t o n s .  The d i a g e n e t i c  a l t e r a t i o n  o f  t h o s e  3 g r a i n  
t y p e s  i s  q u a l i t a t i v e l y  shown f o r  samples  from t h e  XRI-1, 
XAR-1, XEN-1, F - l  and E - l  w e l l s  in  F ig u r e s  40 -  42. P a r t i a l  
d e l i c a t e  i n t r a f a b r i c  d i s s o l u t i o n  i s  ve ry  common in  P l e i s ­
t o c e n e  s t r a t a  ( F i g s .  40 and 41) and a p p a r e n t l y  r e p r e s e n t s  
an i n t e r m e d i a t e  s t a t e  of  a l t e r a t i o n  between u n a l t e r e d  a r a g o n i t e  
and c o m p le te ly  d i s s o l v e d  o r  neomorphosed a r a g o n i t e .  P a r t i a l  
d e l i c a t e  d i s s o l u t i o n  ( i n t r a f a b r i c  d i s s o l u t i o n  o f  G o te r ,  
1979) i n v o l v e s  t h e  d e l i c a t e  m i c r o s c o p i c  d i s s o l u t i o n  o f  
a p e t r o g r a p h i c a l l y  i d e n t i f i a b l e  amount of a g r a i n ' s  o r i g i n a l  
a r a g o n i t e  u l t r a s t r u c t u r e .  D e l i c a t e  d i s s o l u t i o n  i s  d i s se m in a ted  
t h r o u g h o u t  a g r a i n  r e s u l t i n g  i n  a r e s i d u a l  meshwork o f  
a r a g o n i t e  and o r g a n i c  m a t e r i a l ,  p r e s e r v i n g  o r i g i n a l  f o s s i l  
w a l l  s t r u c t u r e ,  but  c au s in g  up t o  80% i n t r a f a b r i c  p o r o s i t y  
(F ig .  4 3 a - c ) . In a hand sample ,  p a r t i a l  d e l i c a t e  d i s s o l u t i o n  
a p p e a rs  as  a chalky  f a b r i c .
A ra g o n i t e  Neomorphism
F o lk  (1965)  d e f i n e s  neomorphism  a s  a "comprehensive 
t e r m  o f  i g n o r a n c e . . .  f o r  a l l  t r a n s f o r m a t i o n s  between one 
m i n e r a l  and i t s e l f  SlL a polymorph -  whether  i n v e r s i o n  o r  
r e c r y s t a l l i z a t i o n . . .  I t  does n o t  i n c lu d e  s im ple  p o re - s p a c e  
f i l l i n g s ;  o l d e r  c r y s t a l s  must have g r a d u a l l y  been consumed, 
and t h e i r  p l a c e  s i m u l t a n e o u s l y  o c c u p i e d  by new c r y s t a l s
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F ig u r e  43 .  P a r t i a l  d e l i c a t e  d i s s o l u t i o n  of a r a g o n i t e  ( l e f t )  
and c a l c i t e  s p a r  o v e rg row ing  p a r t i a l  d e l i c a t e l y  d i s s o l v e d  
a r a g o n i t e  t o  fo rm  n e o m o rp h ic  s p a r  ( r i g h t )  in  P l e i s t o c e n e  
s t r a t a  from Enewetak.
(a) Photomicrograph of  p a r t i a l  d e l i c a t e l y  d i s s o l v e d  c o r a l l i n e  
a r a g o n i t e  (70 m, XAR-1 w e l l ) . Bar s c a l e  a t  lo w e r  l e f t  
e q u a l s  0 .1  mm. Crossed  n i c o l s .
(b) SEM photograph  of  p a r t i a l l y  d e l i c a t e l y  d i s s o l v e d  c o r a l l i n e  
a r a g o n i t e  (70 m, XAR-1 w e l l )  . Bar s c a l e  a t  bot tom e q u a ls  
100 m ic ro n s .
(c) C lo se -u p  of  ( b ) . Bar s c a l e  a t  bottom e q u a l s  10 m icrons .
(d) P h o t o m i c r o g r a p h  o f  n e o m o r p h ic  c a l c i t e  (N) r e p l a c i n g  
a c o r a l  a d j a c e n t  t o  p a r t i a l l y  d e l i c a t e l y  d i s s o l v e d  c o r a l l i n e  
a r a g o n i t e  (D; 45m, XRI-1 w e l l ) .  Bar s c a l e  a t  lower l e f t  
e q u a l s  0 .1  mm.
(e & f )  Neom orphic  c a l c i t e  ( d a r k )  o v e r g r o w i n g  r e m n a n t s  
o f  p a r t i a l l y  d e l i c a t e l y  d i s s o l v e d  a r a g o n i t e  ( l i g h t ;  32 
m, XRI-1 w e l l ) . Bar s c a l e s  a t  bottom equal  10 m ic rons .
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of  t h e  same m in e ra l  or  a p o l y m o r p h . . . " .  In  a n c i e n t  rocks  
i t  i s  v i r t u a l l y  i m p o s s i b l e  t o  know how a t r a n s f o r m a t i o n  
o c c u r r e d .  A r a g o n i t e  neomorphism  w i l l  be u se d  h e r e  " a s  
a t e r m  o f  i g n o r a n c e "  t o  d e s c r i b e  t h e  t r a n s f o r m a t i o n  o f  
a r a g o n i t e  t o  c a l c i t e  w i th  a p a r t i a l  r e t e n t i o n  of  o r i g i n a l  
w a l l  s t r u c t u r e  w i th o u t  r e g a r d  t o  t h e  mechanism of  t r a n s fo r m ­
a t i o n .  T h is  usage i s  s i m i l a r  t o  B a t h u r s t  (1975) who used 
aggrad ing  neomorphism t o  " d e s c r ib e  a p r o c e s s ,  or  c o l l e c t i o n  
o f  p r o c e s s e s ,  about  which we know w i th  c e r t a i n t y  on ly  t h e  
n a t u r e  of t h e  s p a r r y  p ro d u c t  and,  in  some c a s e s ,  t h e  com pos i t ion  
of  t h e  o r i g i n a l  m a t e r i a l " .
Petrography
On E n e w e t a k ,  n e o m o r p h o s e d  a r a g o n i t e  i s  common i n  
P l e i s t o c e n e  s t r a t a ,  v e r y  r a r e  in  Lower Miocene s t r a t a  of 
t h e  F - l  w e l l  and Upper Eocene s t r a t a  (co re  3) of  t h e  E - l  
w e l l ,  and  a b s e n t  i n  Upper Eocene s t r a t a  of t h e  F - l  w e l l .  
Neom orphic  c a l c i t e  ( a f t e r  a r a g o n i t e )  i s  a lm os t  a s  common 
a s ,  i f  n o t  s l i g h t l y  more common t h a n ,  s p a r r y  c a l c i t e  cement 
i n  t h e  P l e i s t o c e n e  (F ig s .  10 -  12) . In  Q u a te rn a ry  s t r a t a  
below t h e  f i r s t  ex po su re  s u r f a c e ,  neomorphic c a l c i t e  commonly 
r e p l a c e s  c o r a l ,  Hal imeda. and m o l lu s c s  (F ig s .  40 and 41 ) .  
In P l e i s t o c e n e  s t r a t a ,  p a r t i a l  d e l i c a t e l y  d i s s o l v e d  a r a g o n i t e  
i s  a l s o  v e r y  common, a c c o u n t i n g  f o r  a p p r o x i m a t e l y  50 -  
70% o f  t h e  f a b r i c  s e l e c t i v e  d i s s o l u t i o n  o f  P l e i s t o c e n e  
a r a g o n i t e  ( F i g s .  40 and 4 1 ) .  Of 57 P l e i s t o c e n e  samples
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c o n t a i n i n g  n e o m o rp h ic  s p a r ,  40 sam ples  c o n ta in  neomorphic 
c a l c i t e  w i t h i n  p a r t i a l  d e l i c a t e l y  d i s s o l v e d  a r a g o n i t e  s k e l e t o n s  
( F i g s .  43 and 4 4 ) .  I n  o n l y  6 s a m p le s  a r e  neom o rp h osed  
p a r t s  o f  g r a i n s  s e p a r a t e d  f rom  i n t a c t  a r a g o n i t e  by t h i n  
a l t e r a t i o n  zo n es .  In  P l e i s t o c e n e  sam ples ,  neomorphic s p a r  
i s  o f t e n  o b s e r v e d  p a s s i n g  l a t e r a l l y  i n t o  c l e a r  v o i d - f i l l  
cement a n d /o r  open v o id s  (F ig .  4 4 f ) .
Only two s a m p le s  c o n t a i n i n g  n e o m o rph o sed  a r a g o n i t e  
were  found  in  Lower Miocene s t r a t a  of  t h e  F - l  w e l l .  Both 
o c c u r r e n c e s  a r e  w i t h i n  a m e t e r  o f  e ac h  o t h e r  i n  c o r e  5 
and c o n s i s t  of  neomorphic c a l c i t e  in  c o r a l s  t h a t  a r e  a p p a r e n t l y  
in  growth p o s i t i o n .
Geochemistry of Neomorphosed A ra g o n i te
Trace  e lem ent  c o n c e n t r a t i o n s  and s t a b l e  i s o t o p e  composi­
t i o n s  o f  n e o m o rp h ic  s p a r  p r o v i d e  v a l u a b l e  i n s i g h t  i n t o  
p r o c e s s e s  by which  a r a g o n i t e  i s  n e o m o rp ho sed  t o  c a l c i t e  
on E n ew e tak .  Using an  e l e c t r o n  m ic rop rob e ,  s t r o n t iu m  and 
magnesium c o n c e n t r a t i o n s  have been de te rm ined  f o r  neomorphosed 
c o r a l ,  H a l im e d a . and m o l l u s c s  ( T a b l e  6 ;  F i g s .  45 -  4 7 ) .  
I r o n  and m anganese  c o n c e n t r a t i o n s  i n  a few neomorphosed 
c o r a l  were de te rm ined  u s in g  atomic  a b s o r p t i o n  sp e c t ro p h o to m e t ry  
( T a b le  7) . M ic ro p ro b e  a n a l y s e s  show l a r g e  p o i n t - t o - p o i n t  
v a r i a t i o n s  i n  s t r o n t i u m  c o n c e n t r a t i o n s  w i t h i n  neomorphic 
s p a r s  ( F i g .  4 8 ) .  I n  a d d i t i o n ,  c l e a r  c e m e n t s  t h a t  f i l l  
p r imary  i n t r a c o r a l l i n e  v o id s  g e n e r a l l y  have lower s t r o n t iu m
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F i g u r e  4 4 .
P h o t o m i c r o g r a p h  o f  neomorphic s p a r  and p a r t i a l  d e l i c a t e l y  
d i s s o l u t i o n  of  a r a g o n i t e  in  P l e i s t o c e n e  s t r a t a .
(a)  Neomorphic  c a l c i t e  (N) w i t h i n  a p a r t i a l l y  d e l i c a t e l y  
d i s s o l v e d  Halimeda f l a k e  (D) (20 m, XAR-1 w e l l ) . Bar s c a l e  
a t  lower l e f t  e q u a l s  0 .2  mm. Crossed  n i c o l s .
(b) G a s t r o p o d  w h ich  h a s  p a r t s  t h a t  have  b een  p a r t i a l l y  
d i s s o l v e d  (D), neomorphosed t o  c a l c i t e  (N), and com ple te ly  
d i s s o l v e d  (V) (23 mr XAR-1 w e l l )  . Bar s c a l e  a t  lower l e f t  
e q u a l s  0 .1  mm.
(c) A r a g o n i t e  g r a i n  i n  which p a r t  has  been c o m ple te ly  d i s s o l v e d ,  
(V) , p a r t  i s  p a r t i a l l y  d e l i c a t e l y  d i s s o l v e d  (D), p a r t  i s  
u n a l t e r e d  ( A ) , and p a r t  i s  n eo m o rp h osed  t o  c a l c i t e  (N) 
(30 m, XRI-1 w e l l ) .  Bar s c a l e  a t  lo w e r  l e f t  e q u a l s  0 .1  
mm) .
(d)  P a r t i a l  d e l i c a t e l y  d i s s o l v e d  H a l im eda  (D) a d j a c e n t  
t o  a H a l im eda  f l a k e  neom o rp h osed  t o  c a l c i t e  (N) (45 m, 
XRI-1 w e l l ) .  Bar s c a l e  a t  lower l e f t  e q u a l s  0 .5  mm. Crossed 
n i c o l s .
(e)  Same a s  (b) e x c e p t  w i t h  c r o s s e d  n i c o l s .  Bar s c a l e  
a t  lower  l e f t  e q u a l s  0 .1  mm. Crossed  n i c o l s .
( f )  C l e a r  c a l c i t e  cem en t  o v e r g r o w in g  n e o m o r p h ic  c a l c i t e  
(N) r e p l a c i n g  a m o l lu sc  f ragm ent  (45 m, XRI-1 w e l l )  . Bar 
s c a l e  a t  lower l e f t  e q u a l s  0.1mm.
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TABLE 6  : GEOCHEMISTRY OF NEOMORPHIC CALCITE AND RELATED FEATURES
Pleistocene, Enewetak 
Coral 
Halimeda
Neomorphosed coral 
Neomorphosed Halimeda 
Neomorphosed molluscs 
Calcite cement
Lower Miocene, F-l Well 
Neomorphosed coral 
Radiaxial cement 
Intracoralline cement
Barbados
Neomorphosed coral
13 18Mean Sr Mean Mg n Mean 6 C____  Mean 6 0
(wt.% ± la) (wt.% ± la) (o/oo, PDB ± la) (o/oo, PDB ± la)
32 0.780 ± 0.078 0.082 ± 0.023 8 -1.5 ± 1.1 -3.9 ± 0.5
7 0.834 ± 0.152 0.036 ± 0.036
36 0.155 ± 0.045 0.221 ± 0.030 19 -4.3 ± 2.9 -7.1 ± 1.2
21 0.192 ± 0.043 0.231 ± 0.070 5 -4.8 ± 1.2 -6.3 ± 0.3
18 0.112 ± 0.016 0.286 ± 0.028
147 0.060 ± 0.017 0.236 ± 0.061 22 -5.1 ± 3.1 -6.5 ± 0.6
2 0.252 ± 0.026
17 0.033 ± 0.009
2 0.031
0.356 ± 0.038 2
0.820 ± 0.274 7
0.803 1
- 1.8 ±  1.1 
2.0 ± 0.5 
0.6
-3.6 ± 0.9 
-0.4 ± 0.8 
-1.9
43 0.168 ± 0.064 0.239 ± 0.096
Notes: (1) "n" is the number of samples analyzed.
(2) Sr and Mg data from Enewetak is based on electron microprobe analyses.
(3) Data from Barbados is from Pingitore (1978)
192
F ig u r e  45.
S t ro n t iu m  and magnesium c o n c e n t r a t i o n s  f o r  c o r a l  neomorphosed 
t o  c a l c i t e  i n  P l e i s t o c e n e  s t r a t a  of t h e  XRI-1, XAR-1, and 
XEN-1 w e l l s .  Note t h a t  s t r o n t iu m  c o n c e n t r a t i o n s  i n  neomorphosed 
c o r a l  a r e  a lways between modern c o r a l  and t h e  ave rage  s t r o n t iu m  
c o n c e n t r a t i o n  of P l e i s o t c e n e  c a l c i t e  cements ,  bu t  g e n e r a l l y  
c l o s e r  t o  t h e  c o n c e n t r a t i o n  of  c a l c i t e  cements .  Mean magnesium 
c o n c e n t r a t i o n s  i n  n eo m o rp h o sed  c o r a l  a r e  s i m i l a r  t o  LMC 
c e m e n t s  and a r e  o f t e n  h ig h e r  t h a n  t h e  modern c o r a l .  Data 
from e l e c t r o n  m ic r o p r o b e  a n a l y s e s .  Composit ion of  modern 
c o r a l  d e r iv e d  from d a t a  in  Mil l iman (1974).
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STRONTIUM VERSUS MAGNESIUM FOR NEOMORPHOSED CORAL, PLEISTOCENE, ENEWETAK
0.9-1
Modern
Coral0 . 8-
0.7-
0 . 6-
0.5-
0.4-
0.3-
0 . 2 - + +
Average Pleistocene 
LMC Cement
0 . 0-
0 . 50 . 40 . 30 . 20 . 10 . 0
WEIGHT % MG
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F ig u re  46.
S t r o n t i u m  and magnesium c o n c e n t r a t i o n s  o f  neom orphosed  
H a l im eda  i n  P l e i s t o c e n e  s t r a t a  o f  t h e  X R I-1 ,  XAR-1, and 
XEN-1 w e l l s .  Note t h a t  s t r o n t iu m  c o n c e n t r a t i o n s  i n  neomorphosed 
Hal imeda a r e  i n t e r m e d i a t e  be tween o r i g i n a l  c o n c e n t r a t i o n s  
and average  P l e i s t o c e n e  c a l c i t e  cement,  bu t  c l o s e r  t o  average  
P l e i s t o c e n e  c a l c i t e  cement. Average magnesium c o n c e n t r a t i o n  
o f  neomorphosed Halimeda i s  s i m i l a r  t o  P l e i s t o c e n e  c a l c i t e  
c e m e n t  a n d  s i g n i f i c a n t l y  h i g h e r  t h a n  modern  H a l im e d a . 
D a ta  from e l e c t r o n  m i c r o p r o b e  a n a l y s e s .  F i e l d  of  modern 
Halimeda i s  d e r iv e d  from d a t a  i n  Mil l iman (1974) .
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STRONTIUM VERSUS MAGNESIUM FOR NEOMORPHOSED HALIMEDA. PLEISTOCENE, ENEWETAK 
0.9-1
0 .8-
0.7-
0 . 6 -
0.5-
0.4-
0.3
0 . 2-
0 . 1-
0 . 0 -
'  Modern “ 
Halimeda
0 . 0
+  +
+ +
+ +
+ +
+
+
•JL —  Average Pleistocene
LMC Cement
0 . 1
1  ..............
0.2 0.3
WEIGHT % MG
0 . 4 0 . 5
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F ig u re  47.
S t r o n t i u m  and magnesium c o n c e n t r a t i o n s  i n  neom orphosed  
o r i g i n a l l y ,  a r a g o n i t i c  m o l lu s c s .  Data from e l e c t r o n  microprobe  
a n a l y s e s .  C o m p o s i t i o n  o f  modern  a r a g o n i t i c  m o l l u s c s  i s  
d e r iv e d  from d a t a  i n  Mil l iman (1974) .
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STRONTIUM VERSUS MAGNESIUM FOR NEOMORPHOSED MOLLUSCS, PLEISTOCENE, ENEWETAK
o.<H
0.7-
0 . 5 -
Modern Aragonitic Molluscs
0 . 3 -
Mean Pleistocene calcite cement
0 .2-
0 . 0 -
0 . 4 0 . 50 . 2 0 . 30 . 0 0 . 1
WEIGHT % MG
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TABLE 7  
ELEMENTAL A N A L Y S E S  OF N E O M O R P H O S E D  CORAL
ppm
Mg Sr Fe Mn Na
Pleistocene
XEN-89 2,270 1,178 24 11 329
XRI-164 2,890 1,400 -
XRI-231 2,939 996 17 7 748
K-l-24 1,145 3,013 40 8 437
Lower Miocene, F-l Well 
F-5-26 6,536 750 44 8 470
Note: Data based on atomic absorption spectrophotometry.
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F ig u re  48.
E l e c t r o n  m ic r o p r o b e  t r a v e r s e s  o f  neom orph o sed  c o r a l  and 
i n t r a c o r a l l i n e  cements .  I n t r a c o r a l l i n e  cements  a r e  g e n e r a l l y  
i n  o p t i c a l  c o n t i n u i t y  w i th  neomorphic c a l c i t e .  Note t h a t  
s t r o n t iu m  c o n c e n t r a t i o n s  a r e  g e n e r a l l y  h ig h e r  in  neomorphic 
c a l c i t e  t h a n  i n  i n t r a c o r a l l i n e  c e m e n t s .  A lso  n o te  t h a t  
some p o i n t s  have  v e ry  h igh  s t r o n t iu m  c o n c e n t r a t i o n s  which 
might  be due t o  t h e  e l e c t r o n  beam e n c o u n te r in g  sm a l l  a r a g o n i t i c  
i n c l u s i o n s  w i t h i n  neomorphic c a l c i t e .  L o ca t io n  of  t r a v e r s e  
A-A' i s  shown in  F ig u re  50a.
TRAVERSES OF PLEISTO CEN E NEOMORPHOSED CORAL
x r i -:
Well 
41 m
x r i -; 
Well 
25 m
W t.% 
Sr 
0 . 4 -
0 . 3 -
0.2 -
0 . 1 -
N c N c N c
■
• j/m
i
1■
- y w '
■
\■ ■
■
N
V\■ ■
m
A ■ /
N C Nl
/■
o - '
2m m
W t.%
Sr
0 . 6 -
0 . 4 -
A’
N N
■
l \
wt % 
Mg
0 .2- r \ 7
0 . 4 -  
0.2-  
0 -
\
0 .5
\
1.0
\
1.5m m
N = neomorphosed coral C = intracoralline calcite cement
■ Sr concentration 3ZSI Sr background ± S.D.
Mg concentration iH Z Mg background ± S.D.
2 0 1
c o n c e n t r a t i o n s  th a n  a d j a c e n t  and o p t i c a l l y  c o n t in u o u s  neomorphic 
s p a r  ( T a b le  8 ;  F i g .  4 8 ) .  C l e a r  cements f i l l i n g  Halimeda 
u t r i c l e s  a l s o  t e n d  t o  have lower  s t r o n t iu m  c o n c e n t r a t i o n s  
th a n  o p t i c a l l y  c o n t in u o u s  c r y s t a l s  i n  neomorphosed Hal imeda.
R e s u l t s  o f  s t a b l e  i s o t o p e  a n a l y s e s  o f  neom orphosed  
c o r a l  and neomorphosed Halimeda from Enewetak a r e  summarized 
in  Table  6 and F ig u r e  4 9. S t a b l e  carbon  and oxygen i s o t o p e  
a n a l y s e s  were a l s o  perform ed on a r a g o n i t i c  c o r a l  (F ig .  4 9 ) .
D isc u s s io n  of neomorphism
Friedman (1964) used  t h e  term "paramorphic  rep lacem en t"  
t o  d e s c r i b e  t h e  r e p l a c e m e n t  of a r a g o n i t e  by c a l c i t e  w i th  
p a r t i a l  r e t e n t i o n  o f  o r i g i n a l  w a l l  s t r u c t u r e .  Friedman 
( 1 9 6 4 )  s u g g e s t e d  t h a t  p a r a m o r p h i c  r e p l a c e m e n t  r e s u l t e d  
from " s o l u t i o n - d e p o s i t i o n "  on a m ic r o s c a l e  ( t h i n - f i l m  neomor­
phism) . Kinsman (1969) t h e n  reasoned  t h a t  because  a r a g o n i t e  
c o n c e n t r a t i o n s  in  neomorphic c a l c i t e  a r e  g e n e r a l l y  i n t e r m e d i a t e  
between a f o s s i l ' s  o r i g i n a l  a r a g o n i t e  and t h e o r e t i c a l  s t r o n t iu m  
c o n c e n t r a t i o n s  i n  c a l c i t e  p r e c i p i t a t e d  from s e a w a te r ,  neomorphic 
s p a r  forms in  a s e m i - c lo s e d  sys tem .  Neomorphism by a t h i n  
f i l m  of  w a t e r  m ig r a t i n g  a c r o s s  an a r a g o n i t i c  f o s s i l  cou ld  
t h e o r e t i c a l l y  p r e c i p i t a t e  c a l c i t e  i n  su c h  a s e m i - c l o s e d  
s y s t e m  and p r e s e r v e  r e l i c t s  o f  t h e  o r i g i n a l  f o s s i l  w a l l  
s t r u c t u r e  (Kinsman,  1969) . " T h i n - f i l m  neom orphism " has  
s i n c e  become w id e ly  a c c e p te d  a s  t h e  p r o c e s s  by which neomorphism 
o f  a r a g o n i t e  t o  c a l c i t e  o c c u r s  ( S a n d b e r g  e t  a l . ,  1973 ;
GEOCHEMISTRY OF NEOMORPHOSED CORAL AND OPTICALLY 
CONTINUOUS INTRACORALLINE CALCITE CEMENTS
TABLE 8
Mean Sr Mean point-to-point
XAR-1 Well
Neomorphosed
Coral
Optically Continuous 
Intracoralline 
Calcite Cement
Neomorphosed
Coral
Optically Continuous 
Intracoralline 
Calcite Cement
34 m 0.165 0.093 0.084 0.022
38 m 0.189 0.132 0.040 0.032
56 m 0.193 0.108 0.062 0.024
65 m 0.112 0.019 0.065 0.013
XRI-1 Well
24 m 0.137 0.117 0.036 0.031
25 m 0.322 0.258 0.131 0.089
41 m 0.170 0.109 0.075 0.090
50 m 0.172 0.096 0.068 0.045
XRI-1 Well *136 iC (o/oo, PDB) 6 0 (o/oo, PDB)
50 m
Note: Sr data
-3.3 -3.1
based on electron microprobe analyses.
-6.2 -5.9 202
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F ig u re  49.
S t a b l e  i s o t o p e  co m p o s i t io n  of a r a g o n i t i c  c o r a l ,  neomorphosed 
c o r a l ,  and H a l im eda  i n  P l e i s t o c e n e  s t r a t a  of t h e  XRI-1, 
XAR-1, and XEN-1 w e l l s .  L ines  connec t  c o - e x i s t i n g  a r a g o n i t i c  
c o r a l  and neom o rp h o sed  c o r a l .  Note  t h a t  t h e  f i e l d s  o f  
neom o rp h osed  c o r a l  and  Hal imeda a r e  d i s t i n c t l y  d i f f e r e n t  
from t h e i r  o r i g i n a l  a r a g o n i t i c  c o m p o s i t io n s ;  however f i e l d s  
o f  P l e i s t o c e n e  n e o m o rph o sed  c o r a l  and Hal imeda a r e  q u i t e  
s i m i l a r  t o  t h e  f i e l d  of  P l e i s t o c e n  c a l c i t e  cement.  F i e l d  
of  modern Halimeda i s  from d a t a  in  Mil l iman (1974).
(o/
oo 
PD
B)
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STABLE ISOTOPE COMPOSITION OF PLEISTOCENE NEOMORPHOSED CORAL AND HALIMEDA
Modern
Halimeda
-2 -
-4
U
r o
I—I
Pleistocene calcite cements
-6  -
-8 -
2-2 0-6 -410 -8
186 O (o/oo PDB)
a Coral + Neomorphosed Coral □ Neomorphosed Halimeda
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P i n g i t o r e ,  197 6 ) .  Brand and V e ize r  (1980) l a t e r  in t r o d u c e d  
t h e  term "messenger f i lm "  t o  remove t h e  d im en s ion a l  c o n n o ta t i o n  
o f  " t h i n - f i l m "  and  t o  e m p h a s i z e  t h a t  t h e  r e a c t i o n  f i l m  
was " t r a n s f e r r i n g  t e x t u r a l  and chemical  ' i n f o r m a t i o n '  from 
t h e  d i s s o l v i n g  c a r b o n a t e  phase  t o  t h e  p r e c i p i t a t i n g  c a r b o n a t e  
phase"  d u r in g  neomorphism.
P e t r o g r a p h i c  and  g e o c h e m i c a l  d a t a  f rom P l e i s t o c e n e  
s t r a t a  on Enewetak i n d i c a t e  t h a t  a r a g o n i t e  t o  c a l c i t e  neomor­
phism  ( in  s i t u  and  o t h e r  k i n d s )  d o e s  n o t  o c c u r  by t h i n  
or  messenger f i l m s .  R a th e r ,  neomorphism a p p a r e n t l y  r e s u l t s  
from a p a r t i a l  d e l i c a t e  i n t r a f a b r i c  d i s s o l u t i o n  of a r a g o n i t e  
f o l l o w e d  by c a l c i t e  i n f i l l i n g  t h e  i n t r a f a b r i c  v o i d s  a t  
a d i s t i n c t l y  l a t e r  t i m e .  Then,  when c a l c i t e  o v e rg ro w s  
t h e  rem ain ing  a r a g o n i t e  and o r g a n ic  m a t e r i a l ,  t h e  o r i g i n a l  
w a l l  s t r u c t u r e  i s  p a r t i a l l y  p r e s e r v e d .  T h i s  p r o c e s s  i s  
e s s e n t i a l l y  t h e  h y b r i d  r e p l a c e m e n t  o f  G o t e r  (1979) and  
i s  s i m i l a r  t o  a sequence  of e v e n t s  d e s c r i b e d  by Gvirtzman 
and Friedman (1977) f o r  t h e  a l t e r a t i o n  of  a r a g o n i t i c  c o r a l  
t o  c a l c i t e .  T h i s  m e th o d  o f  neomorphism  i s  i n  c o n t r a s t  
t o  t h i n  o r  messenger f i l m  neomorphism where ca lc ium  c a rb o n a te  
i s  s i m u l t a n e o u s ly  be ing  d i s s o l v e d  on one s i d e  of a r e a c t i o n  
zone  and p r e c i p i t a t e d  a s  c a l c i t e  on t h e  o t h e r  s i d e  w i th  
o n l y  m o d e r a t e  c h e m ic a l  and t e x t u r a l  m o d i f i c a t i o n s .  Goter 
(1979) a l s o  d e s c r i b e s  i n  s i t u  neom orph ism  o f  a r a g o n i t e  
by t h i n  r e a c t i o n  f i l m s  in  t h e  P l e i s t o c e n e  of Enewetak.
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D isc u s s io n  of  P e t rog rap h y
Of 57 P l e i s t o c e n e  s a m p le s  from Enewetak  c o n t a i n i n g  
neom orph o sed  a r a g o n i t e ,  53 s a m p le s  c o n t a i n  a r a g o n i t e  as  
w e l l  a s  n e o m o r p h ic  s p a r  s u g g e s t i n g  t h a t  s t a b i l i z a t i o n  of 
a r a g o n i t e  i s  i n c o m p l e t e  i n  m os t  P l e i s t o c e n e  samples from 
Enewetak ( F ig s .  40 and 41; G o te r ,  1979) . However, neomorphic 
c a l c i t e  was found s e p a r a t e d  by a r e a c t i o n  zone from u n a l t e r e d  
a r a g o n i t e  i n  o n ly  6 sam ples  s u g g e s t i n g  t h a t  t h i n - f i l m  (or 
m e s s e n g e r  f i l m )  neom orph ism  i s  n o t  t h e  main  p r o c e s s  i n  
which a r a g o n i t e  i s  c o n v e r t e d  t o  neomorphic c a l c i t e .  R a th e r ,  
p e t r o g r a p h i c  o b s e r v a t i o n s  su g g e s t  t h a t  a r a g o n i t e  neomorphism 
o c cu rs  by p a r t i a l  d e l i c a t e  d i s s o l u t i o n  of  a r a g o n i t e  fo l low ed  
by c a l c i t e  i n f i l l i n g  o f  i n t r a f a b r i c  v o i d s .  In  40 P l e i s t o c e n e  
sam ples ,  neomorphic c a l c i t e  can be obse rved  w i t h i n  p a r t i a l l y  
d e l i c a t e l y  d i s s o l v e d  Halimeda or  c o r a l  f r ag m en ts  (F ig s .  43 
and 44) . In  t h o s e  sam ples ,  neomorphic c a l c i t e  s p a r  appea rs  
t o  hav e  s i m p l y  b e en  p r e c i p i t a t e d  i n t o  p a r t i a l l y  d i s s o l v e d  
i n t r a f a b r i c  v o id s  ( F ig s .  43 and 4 4 ) .
Neom orphic  s p a r  i s  o f t e n  obse rved  l a t e r a l l y  changing 
t o  c l e a r  v o i d - f i l l  cement (F ig .  4 4 f ) . In  o t h e r  P l e i s t o c e n e  
r o c k s ,  p a r t i a l  d e l i c a t e l y  d i s s o l v e d  f o s s i l s  can be t r a c e d  
l a t e r a l l y  i n t o  a r e a s  o f  c o m p l e t e  d i s s o l u t i o n  (F ig .  4 4 c ) .  
I f  neomorphism i s  by p a r t i a l  d e l i c a t e  d i s s o l u t i o n  and c a l c i t e  
i n f i l l i n g ,  n e o m o r p h ic  s p a r  and  m o l d - f i l l  c e m e n t s  c o u ld  
be j u x t a p o s e d  s i m p l y  by c a l c i t e  i n f i l l i n g  f o s s i l s  which 
a r e  p a r t i a l l y  d e l i c a t e l y  d i s s o l v e d  in  one a r e a  and com p le te ly  
d i s s o l v e d  n e a r b y  ( F i g .  4 4 ) .  C r e a t i n g  a s i m i l a r  t e x t u r e
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w i t h  t h i n - f i l m  neomorphism would r e q u i r e  t h a t :  (1) a t h i n
r e a c t i o n  f i l m  p a s s  t h r o u g h  p a r t  o f  t h e  f o s s i l ,  (2) t h e  
r e s t  o f  t h e  f o s s i l  be c o m p l e t e ly  d i s s o l v e d ,  and t h e n  (3) 
c a l c i t e  cement f i l l  t h e  p a r t  of  t h e  f o s s i l  t h a t  was c o m p le te ly  
d i s s o l v e d ,  a complex and u n l i k e l y  s c e n a r i o .
D isc u s s io n  of  geochem is t ry
In  P l e i s t o c e n e  s t r a t a  of Enewetak, magnesium and s t a b l e  
i s o t o p e  d a t a  a l s o  i n d i c a t e  t h a t  neomorphism of  a r a g o n i t e  
t o  c a l c i t e  h a s  n o t  o c c u r r e d  by t h i n - f i l m  neom orph ism .  
P l e i s t o c e n e  n e o m o rp h ic  s p a r  h a s  g e n e r a l l y  n o t  i n h e r i t e d  
t h e  magnesium o r  s t a b l e  i s o t o p e  geo chem is t ry  of i t s  a r a g o n i t i c  
p r e c u r s o r  (T a b le  6 ;  F i g s .  45 -  47 and 4 9 ) .  R a th e r ,  t h e  
s t a b l e  i s o t o p e  c o m p o s i t i o n s  and  magnesium c o n c e n t r a t i o n s  
of  neomorphic s p a r  a r e  q u i t e  s i m i l a r  t o  P l e i s t o c e n e  c a l c i t e  
cements .  Because  t h e  CO2 r e s e r v o i r  i n  w a te r  i s  sm a l l  (G a r r e l s  
and C h r i s t ,  1 9 6 5 ) ,  c a r b o n  from t h e  a r a g o n i t i c  p r e c u r s o r  
shou ld  dominate  t h e  s t a b l e  ca rb on  i s o t o p e s  o f  c a l c i t e  produced 
by t h i n - f i l m  neomorphism, b u t  i t  does  n o t  (Table 6; F ig .  4 9 ) .  
L ikew ise ,  in  t h i n - f i l m  neomorphism, t h e  magnesium c o n c e n t r a t i o n  
o f  a r a g o n i t i c  p r e c u r s o r s  sh o u ld  l a r g e l y  c o n t r o l  magnesium 
c o n c e n t r a t i o n  in  neomorphic s p a r ,  b u t  i t  does n o t .
The g e o c h e m i c a l  s i m i l a r i t y  of  P l e i s t o c e n e  neomorphic 
s p a r  and P l e i s t o c e n e  c a l c i t e  cem en t  ( T a b l e  6 ;  F i g .  49) 
s u g g e s t s  t h a t  t h e  sou rce  o f  neomorphic c a l c i t e  i s  e s s e n t i a l l y  
t h e  same a s  v o i d - f i l l  c a l c i t e  cement.  T h e r e f o r e ,  magnesium 
and s t a b l e  i s o t o p e  d a t a  c l e a r l y  s u p p o r t  neomorphism  by
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p a r t i a l  d e l i c a t e  d i s s o l u t i o n  and l a t e r  c a l c i t e  i n f i l l i n g .  
S t a b le  carbon  and oxygen i s o t o p e  v a l u e s  a l s o  i n d i c a t e  t h a t  
P l e i s t o c e n e  neomorphism o c c u r re d  i n  m e te o r i c  w a t e r s .  The 
mean s t a b l e  oxygen  i s o t o p e  c o m p o s i t i o n  o f  n eom o rp ho sed  
c o r a l  ( - 6 .9  o /oo ,  PDB) i s  in  e q u i l i b r i u m  w i th  w a te r s  hav ing  
a s t a b l e  oxygen  i s o t o p e  c o m p o s i t i o n  o f  - 4 . 4  o /oo  (SMOW; 
a t  27°C, Friedman and O 'N e i l ,  1977) .
The s t r o n t i u m  c o n c e n t r a t i o n s  i n  n e o m o rp h ic  c a l c i t e  
a r e  i n t e r m e d i a t e  b e tw e e n  o r i g i n a l  a r a g o n i t i c  f o s s i l s  and 
m e t e o r i c  c a l c i t e  c em en ts .  S t ro n t ium  c o n c e n t r a t i o n s  cou ld  
be due t o  p r e c i p i t a t i o n  of  neomorphic c a l c i t e  i n  s e m i-c lo s e d  
sys tems as  en v isag ed  by t h i n  o r  m essenger  f i l m  neomorphism 
(Kinsman,  1969 ;  B ra n d  and  V e i z e r ,  1 9 8 0 ) .  On t h e  o t h e r  
h a n d ,  a r a g o n i t e  i n c l u s i o n s  c o u l d  a l s o  e l e v a t e  s t r o n t iu m  
c o n c e n t r a t i o n s  i n  n e o m o r p h ic  c a l c i t e  which has overgrown 
p a r t i a l l y  d e l i c a t e l y  d i s s o l v e d  a r a g o n i t e .  The l a r g e  
p o i n t - t o - p o i n t  s t r o n t iu m  v a r i a t i o n s  observed  d u r in g  e l e c t r o n  
m icroprobe a n a l y s e s  of  neomorphosed s p a r  (F ig .  4 8; P i n g i t o r e ,  
1976) were  p r o b a b l y  c a u s e d  by t h e  e l e c t r o n  beam (5 -  10 
m i c r o n s  i n  d i a m e t e r )  h i t t i n g  former a r a g o n i t e  i n c l u s i o n s .  
S a n d b e rg  e t  a l . ( 1 9 7 3 ) ,  G v i r t z m a n  and F r ie d m a n  ( 1 9 7 7 ) ,  
and Lasemi and Sandberg (1983) have confi rm ed  t h e  e x i s t e n c e  
of such a r a g o n i t e  i n c l u s i o n s  in  neomorphic c a l c i t e .  Higher 
s t r o n t i u m  c o n c e n t r a t i o n s  i n  n e o m o rp h ic  s p a r  r e l a t i v e  t o  
c l e a r  o p t i c a l l y  c o n t i n u o u s  c e m e n t s  f i l l i n g  i n t r a s k e l e t a l  
v o ids  (F ig .  4 8; T ab le  8) , a l s o  su g g e s t  t h a t  a r a g o n i t e  i n c l u s i o n s  
(some of  which may have i n v e r t e d  t o  c a l c i t e )  a r e  t h e  cause
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of  e l e v a t e d  s t r o n t iu m  l e v e l s  in  neomorphic s p a r .
Lower Miocene Neomorphism
U n f o r t u n a t e ly ,  d a t a  r e g a r d i n g  t h e  two samples  of  neomor­
p h o se d  Lower Miocene c o r a l  ( F - l  w e l l )  do n o t  c o n c l u s i v e l y  
p o i n t  toward any s i n g l e  mechanism or  environment  of neomor­
p h i sm .  P e t r o g r a p h i c a l l y , th o s e  Lower Miocene neomorphosed 
c o r a l s  a p p e a r  s i m i l a r  t o  P l e i s t o c e n e  c o r a l s  which  w ere  
neomorphosed t o  c a l c i t e  i n  m e te o r i c  w a t e r s .  The s t r o n t iu m  
and magnesium c o n c e n t r a t i o n s  of  t h e  two Lower Miocene neomor­
phosed c o r a l s ,  however,  a r e  q u i t e  d i s t i n c t  from P l e i s t o c e n e  
neomorphosed c o r a l  (Table  6 ) .  The two Lower Miocene neomor­
phosed c o r a l s  c o n ta in  s t r o n t iu m  l e v e l s  s i g n i f i c a n t l y  h ig h e r  
t h a n  m o s t  P l e i s t o c e n e  n e o m o rp ho sed  c o r a l  s u g g e s t i n g  (1) 
t h a t  much a r a g o n i t e  a n d / o r  s t r o n t i u m  from t h e  o r i g i n a l  
c o r a l  were (was) t r a p p e d  and i n c o r p o r a t e d  i n  t h e  neomorphosed 
c o r a l  or  (2) neomorphism o c c u r r e d  in  a f a i r l y  c lo s e d  system 
t h a t  d id  n o t  a l low  much o r i g i n a l  s t r o n t iu m  t o  be removed.
The magnesium c o n c e n t r a t i o n s  in  t h e  two Lower Miocene 
neomorphosed c o r a l s  a r e  h ig h  r e l a t i v e  t o  P l e i s t o c e n e  neomor­
p h o se d  c o r a l  b u t  v e r y  low r e l a t i v e  t o  c e m e n ts  i n  t h e i r  
i n t r a - c o r a l l i n e  v o i d s  ( T a b l e  6 ) .  T h ese  h i g h  magnesium 
c o n t e n t s  s u g g e s t  t h a t  (1) neom orph ism  d i d  n o t  o c c u r  i n  
m e te o r i c  w a te r s  and (2) neomorphic s p a r  was n o t  p r e c i p i t a t e d  
from w a te r s  t h a t  were i n  e q u i l i b r i u m  w i th  t h e  w a te r s  p r e c i p i ­
t a t i n g  t h e  i n t r a - c o r a l l i n e  cements .
The s t a b l e  i s o t o p e  c o m p o s i t io n  of  t h e  two Lower Miocene 
neomorphosed c o r a l  a l s o  i n d i c a t e  neomorphism in  a r e l a t i v e l y  
c l o s e d  s y s t e m ,  w i t h  6-^C and  6 c o m p o s i t i o n s  s i m i l a r  
t o  t h o s e  o f  o r i g i n a l  a r a g o n i t i c  c o r a l  (Table  6;  F ig .  4 9 ) .  
While t h e  carbon  i s o t o p e s  i n  t h e  neomorphosing system cou ld  
l o g i c a l l y  be c o n t r o l l e d  by t h e  o r i g i n a l  c o r a l ,  t h e  s t a b l e  
oxygen i s o t o p e s  shou ld  be c o n t r o l l e d  by t h e  w a te r  in  which 
neom o rp h ism  was o c c u r r i n g .  Using  t h e  p a l e o t h e r m o m e t r y  
e q u a t i o n  o f  F r i e d m a n  and O ' N e i l  ( 1 9 7 7 ) ,  t h e  6-L80 v a l u e  
of  - 3 . 0  o / o o  (PDB) f o r  one  neom orp ho sed  c o r a l  c o u l d  be 
c o n s t ru e d  as  be ing  in  e q u i l i b r i u m  w i th  ocean w a t e r .  However 
t h e  6*80 v a lu e  of  - 4 . 3  o /oo  (PDB) f o r  t h e  o t h e r  neomorphosed 
c o r a l  c a n n o t  be c o n s i d e r e d  m a r in e .  The lo n e  a n a l y s i s  of 
an Upper Eocene or  O l igocene  m e te o r i c  cement on Enewetak 
( E - l  w e l l ,  c o r e  2) s u g g e s t s  t h a t  m e t e o r i c  w a te r  has  had 
c o m p o s i t i o n s  s i m i l a r  t o  Q u a t e r n a r y  m e t e o r i c  w a te r s  
s i n c e  t h e  O l i g o c e n e ;  h e n c e ,  a 6 ^ 80 v a l u e  o f  - 4 . 3  o /oo  
(PDB) i s  n o t  c o m p a t ib le  w i th  neomorphism in  m e te o r i c  w a t e r s .  
G e o c h e m i c a l l y , neom orph ism  i n  m ixed  m a r i n e  and m e te o r i c  
w a t e r  i s  a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  oxygen  i s o t o p e  
com pos i t ion  of t h e  neomorphosed c o r a l .
The i n t r a - c o r a l l i n e  cements  in  t h o s e  two neomorphosed 
c o r a l s  h a v e  s t r o n t i u m ,  magnesium, 6 and v a lu e s
which a r e  s i m i l a r  t o  r a d i a x i a l  s p a r  (Table 6 ) .  P r e v io u s ly  
p r e s e n t e d  e v i d e n c e  i n d i c a t e s  t h a t  r a d i a x i a l  s p a r  h a s  a 
m ar ine  o r i g i n .  There  i s  no d i a g n o s t i c  ev idence  of m e te o r i c  
d i a g e n e s i s  n e a r  t h e  n eo m orp ho sed  c o r a l .  U n f o r t u n a t e l y ,
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t h e  e n v i r o n m e n t  i n  w h ich  two Lower Miocene c o r a l  samples 
o f  c o r e  5 were  neom o rp h osed  c anno t  be d e te rm ined  a t  t h i s  
t im e .
D i s s o l u t i o n  of  A ra g on i te
D i s s o l u t i o n  o f  a r a g o n i t e  g r a i n s  o c c u r s  s p o r a d i c a l l y  
t h r o u g h  much o f  t h e  C e n o z o ic  of  Enewetak A t o l l  (P ig s .  40 
-  4 2 ) .  A r a g o n i t e  d i s s o l u t i o n  and  neom orph ism  a r e  q u i t e  
h e t e r o g e n o u s  i n  P l e i s t o c e n e  s t r a t a .  Complete d i s s o l u t i o n  
a n d / o r  neomorphism  o f  a l l  a r a g o n i t e  was observed  in  o n ly  
5 o u t  o f  100 P l e i s t o c e n e  s a m p l e s .  P a r t i a l  d i s s o l u t i o n  
o f  a r a g o n i t e  o c c u r s  in  most  P l e i s t o c e n e  samples (F ig s .  40 
and 41) . In  some c a s e s ,  c e r t a i n  t y p e s  o f  a r a g o n i t e  ( l i k e  
g a s t r o p o d s )  w i l l  be s e l e c t i v e l y  l eached  w h i l e  o t h e r  t y p e s  
( l i k e  f i b r o u s  cement) remain  i n t a c t  (Fig .  5 0 b ) .
In  P l e i s t o c e n e  s t r a t a  on Enewetak, complete  d i s s o l u t i o n  
o f  some o r  a l l  a r a g o n i t i c  g r a i n s  o c c u r s  most  commonly in  
z o n e s  o f  i n t e n s e  d i s s o l u t i o n  and i n  zones  where o r i g i n a l  
a r a g o n i t e  i s  n o t  a bundan t .  For example, t o t a l l y  d i s s o l v e d  
a r a g o n i t e  g r a i n s  (some o f  w h ich  have  b e e n  r e f i l l e d  w i th  
cement) a r e  commonly found bo th  im m edia te ly  below s u b a e r i a l  
exposure  s u r f a c e s  and in  P l e i s t o c e n e  rocks  t h a t  a r e  composed 
p r i m a r i l y  of  m i c r i t i c  i n t e r n a l  s e d im e n ts  o r  c o r a l l i n e  a l g a e .
C o m p l e t e  d i s s o l u t i o n  o f  a r a g o n i t e  i s  p e r v a s i v e  i n  
L ower  Miocene and  Upper Eocene  s t r a t a  o f  t h e  F - l  w e l l  
(F ig .  4 2 ) .  Much of  t h e  a r a g o n i t e  d i s s o l v e d  in  Lower Miocene
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F i g u r e  5 0 .
A l t e r a t i o n  of c a r b o n a te  g r a i n s .
(a)  Neomorphosed P l e i s t o c e n e  c o r a l  (25 m, XRI-1 w e l l )  . 
See F i g u r e  4 8 f o r  e l e c t r o n  m icroprobe  t r a v e r s e  A -A ' . Bar 
s c a l e  a t  lower l e f t  e q u a l s  0 .5  mm.
(b) D i s s o l v e d  g a s t r o p o d  s u r r o u n d e d  by c r u s t s  o f  i n t a c t  
f i b r o u s  a r a g o n i t e  cem ent  (18 m, XEN-1 w e l l ) .  Bar s c a l e  
a t  lower l e f t  e q u a l s  0 .1  mm.
(c)  D i s s o l v e d  H ^ l im eda  f l a k e  (H) w i t h  m i c r i t i c  m a t e r i a l  
f i l l i n g  fo r m e r  u t r i c l e s  (co re  10,  1 ,208  -  1,216 m, Upper 
Eocene, F - l  w e l l ) .  Bar s c a l e  a t  lower l e f t  e q u a l s  0.5mm.
(d) P l e i s t o c e n e  c o r a l l i n e  a l g a e  (CA), now LHC, w i th  d i s s o lv e d  
e d g e s  (41 m, XAR-1 w e l l ) . Bar s c a l e  a t  lower l e f t  e q u a l s  
0 .1mm).
(e) Dolomite  rhombs p a r t i a l l y  r e p l a c i n g  Upper Eocene c o r a l l i n e  
a l g a e  (CA), (1,243 m, E - l  w e l l ) .  Bar s c a l e  a t  lower l e f t  
e q u a l s  0 .1  mm. Crossed  n i c o l s .
( f )  I n t e r n a l  s e d im e n ts  (I)  t h a t  would have f i l l e d  pr imary  
i n t r a c o r a l l i n e  v o i d s  o f  a c o r a l  t h a t  was l a t e r  d i s s o l v e d  
( c o r e  9 ,  1 ,1 1 4  -  1 ,1 1 7  m, Upper Eocene ,  F - l  w e l l ) .  Bar 
s c a l e  a t  lower l e f t  e q u a l s  0 .5  mm. Crossed  n i c o l s .
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s t r a t a  of t h e  F - l  w e l l  has  been r e p l a c e d  by r a d i a x i a l  c a l c i t e  
( F i g s .  1 8 c - d ) ,  b u t  a r a g o n i t e  g r a i n s  d i s s o l v e d  i n  Upper 
Eocene s t r a t a  have g e n e r a l l y  n o t  been r e f i l l e d  w i th  cement. 
D i s s o l v e d  c o r a l ,  H a l i m e d a . and m o l l u s c s  i n  t h o s e  Upper 
Eocene  s t r a t a  can  o n l y  be i d e n t i f i e d  by i n t r a - s k e l e t a l  
cements  and i n t e r n a l  s e d im e n ts  (F ig s .  50 c & f ) . Undoubtedly,  
many o t h e r  a r a g o n i t e  g r a i n s  have  b e en  d i s s o l v e d  w i th o u t  
l e a v in g  any i d e n t i f i a b l e  t r a c e  (mold) .
In  c o re  1 of t h e  E - l  w e l l  (610 -  618 m) , minor a r a g o n i t e  
d i s s o l u t i o n  i s  l i m i t e d  t o  p a r t i a l  d e l i c a t e  d i s s o l u t i o n  
o f  a few m o l l u s c  f r a g m e n ts .  In c o re s  2 and 3 of t h e  E - l  
w e l l ,  complete  d i s s o l u t i o n  of  a r a g o n i t e  g r a i n s  i s  p r e v a l e n t .  
In  E - l  c o r e  2 (854 -  856 m) , d i s s o l v e d  a r a g o n i t e  g r a i n s
h av e  o f t e n  b e en  r e f i l l e d  w i th  c l e a r ,  e q u a n t - to - b l a d e d  and 
e q u a n t  m o s a ic  c e m e n t s .  In  c o re  3 of t h e  E - l  w e l l  (1,243 
-  1 , 2 5 0  m ) , d i s s o l v e d  a r a g o n i t i c  f o s s i l s  have  g e n e r a l l y  
b e en  r e f i l l e d  w i t h  b l a d e d ,  o f t e n  i n c l u s i o n - r i c h ,  cements 
(F ig .  2 1 ) .
D i s c u s s io n  of a r a g o n i t e  d i s s o l u t i o n
Because a r a g o n i t e  d i s s o l u t i o n  i s  a d e s t r u c t i v e  p r o c e s s ,  
i t s  mode o f  o c c u r re n c e  must  be i n f e r r e d  from i t s  g e o lo g ic  
s e t t i n g  and d i a g e n e t i c  s p a r s  a s s o c i a t e d  w i th  d i s s o l u t i o n .
M eteor ic  d i s s o l u t i o n
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A r a g o n i t e  d i s s o l u t i o n  by m e t e o r i c  w a t e r s  h a s  been  
docum en ted  i n  num erous  s t u d i e s  o f  Holocene,  P l e i s t o c e n e ,  
and  a n c i e n t  c a r b o n a t e s  (Friedman, 1964; H a i le y  and H a r r i s ,  
1979; and many o t h e r s ) .  In  P l e i s t o c e n e  s t r a t a  of Enewetak, 
m e t e o r i c  cem en t  and m e te o r i c  neomorphic s p a r  a r e  commonly 
a s s o c i a t e d  w i th  a r a g o n i t e  d i s s o l u t i o n  s u g g e s t i n g  t h a t  a r a g o n i t e  
d i s s o l u t i o n  has  a l s o  o c c u r r e d  in  m e te o r i c  w a t e r .  L ikewise ,  
a s s o c i a t i o n  w i th  m e te o r i c  cement s u g g e s t s  t h a t  d i s s o l u t i o n  
o f  a r a g o n i t e  g r a i n s  i n  c o r e  2 of  t h e  E - l  w e l l  (854 -  856 
m) i s  a l s o  a r e s u l t  of  m e te o r i c  d i a g e n e s i s .
D i s s o l u t i o n  o f  a r a g o n i t e  by m e t e o r i c  w a te r s  i s  very  
pa tchy  in  P l e i s t o c e n e  samples from Enewetak and much a r a g o n i t e  
has  su r v iv e d  m e te o r i c  d i a g e n e s i s  (F ig s .  40 -  4 1 ) .  A l i t t l e  
a r a g o n i t e  h a s  a l s o  s u r v i v e d  m e t e o r i c  d i a g e n e s i s  i n  c o re  
2 of t h e  E - l  w e l l  (Upper E o ce n e ) . The s u r v i v a l  of  a r a g o n i t e  
and  p r e d o m i n a n c e  of  p a r t i a l  d e l i c a t e  d i s s o l u t i o n  in  t h e  
P l e i s t o c e n e  o f  Enewetak i s  p ro b a b ly  t h e  r e s u l t  of s e v e r a l  
d i f f e r e n t  f a c t o r s  i n c l u d i n g  (1) t h i c k  p a c k a g e s  (10 -  15 
m) o f  a r a g o n i t e - r i c h  s t r a t a  d e p o s i t e d  between p e r i o d s  of 
s u b a e r i a l  e x p o s u r e  and  (2) p e r i o d s  of  s u b a e r i a l  exposure  
t h a t  w e re  g e n e r a l l y  t o o  s h o r t  or  m e te o r i c  d i a g e n e s i s  n o t  
i n t e n s e  enough t o  c o m p l e t e l y  a l t e r  a r a g o n i t e .  B u f f e r in g  
o f  m e t e o r i c  w a t e r s  by r a p i d  d i s s o l u t i o n  o f  some a r a g o n i t e  
may have r e s u l t e d  in  w a t e r s  t h a t  were on ly  s l i g h t l y  under­
s a t u r a t e d  w i th  r e s p e c t  t o  a r a g o n i t e .  In  t u r n ,  th o se  s l i g h t l y
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u n d e r s a t u r a t e d  w a te r s  may have been r e s p o n s i b l e  f o r  p a r t i a l  
d e l i c a t e  d i s s o l u t i o n  o f  a r a g o n i t e .
Marine d i s s o l u t i o n
E v id e n c e  s u g g e s t s  t h a t  r e l a t i v e l y  deep m ar ine  w a te r s  
have  c a u s e d  p e r v a s i v e  d i s s o l u t i o n  o f  a r a g o n i t e  in  Lower 
Miocene and Upper Eocene  s t r a t a  o f  t h e  F - l  w e l l  and in  
co re  3 (1,243 -  1,250 m) of  t h e  E - l  w e l l .  In  Lower Miocene 
s t r a t a  of  t h e  F - l  w e l l ,  many a r a g o n i t e  m olds  have  been  
i n f i l l e d  w i t h  r a d i a x i a l  c a l c i t e .  As d i s c u s s e d  e a r l i e r ,  
r a d i a x i a l  c a l c i t e  i n  t h e  F - l  w e l l  i s  a p p a r e n t l y  a m arine  
c e m e n t .  E x c e p t  f o r  t h e  uppermost  p o r t i o n  of c o re  3 (375 
m), t h e r e  i s  no con v in c in g  ev id e n ce  of m e te o r i c  d i a g e n e s i s  
in  t h e  Lower Miocene of  t h e  F - l  w e l l .  T h e r e f o r e ,  p e r v a s iv e  
a r a g o n i t e  d i s s o l u t i o n  i n  t h e s e  Lower M iocene  s t r a t a  i s  
p ro b ab ly  t h e  r e s u l t  of  m ar ine  p r o c e s s e s .  L ikew ise ,  d i s s o l u t i o n  
o f  a r a g o n i t e  i n  Upper Eocene  s t r a t a  of t h e  F - l  w e l l  was 
a l s o  p r o b a b l y  m a r in e  b e c a u s e  (1) a s s o c i a t e d  cements  a r e  
a p p a r e n t l y  m arine  (see  D i s c u s s io n  of  Cements) ,  (2) d e p o s i t i o n  
of  most Upper Eocene s t r a t a  i n  t h e  F - l  w e l l  i s  i n  r e l a t i v e l y  
d e ep  w a t e r  ( a t  l e a s t  200 m deep;  S c h la n g e r ,  1963) and (3) 
t h e r e  i s  no c l e a r  ev idence  of  m e te o r i c  d i a g e n e s i s .
L ikew ise ,  ev id en ce  i n d i c a t e s  t h a t  a r a g o n i t e  d i s s o l u t i o n  
in  c o r e  3 (1,243 -  1 ,250 m) of  t h e  E - l  w e l l  p ro b a b ly  o ccu r red  
i n  m a r i n e  w a t e r .  P e t r o g r a p h i c a l l y ,  a r a g o n i t e  d i s s o l u t i o n  
fo l lo w s  one g e n e r a t i o n  of b lad ed  c a l c i t e  cement and p re c e d e s
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a s e c o n d  g e n e r a t i o n  o f  b l a d e d  cem en t  ( F i g .  2 1 e ) . Both 
g e n e r a t i o n s  of  cement have ca rbon  and oxygen i s o t o p e  compos­
i t i o n s  in  e q u i l i b r i u m  w i th  modern s eaw a te r  (F ig .  34) , s u g g e s t in g  
cem en t  p r e c i p i t a t i o n  and  a r a g o n i t e  d i s s o l u t i o n  in  m ar ine  
w a t e r .  While i n c u r s i o n  of  a m e te o r i c  sys tem between p r e c i p i ­
t a t i o n  of t h e  two g e n e r a t i o n s  of  cement i s  a p o s s i b l e  mechanism 
t o  d i s s o l v e  a r a g o n i t e  in  c o re  3 of t h e  E - l  w e l l ,  t h e  absence 
of m e te o r i c  s p a r  s u g g e s t s  m ar ine  d i s s o l u t i o n .
In  t h e  P a c i f i c  Ocean, m ar ine  w a te r s  below a pprox im ate ly  
3 05 m a r e  u n d e r s a t u r a t e d  w i th  r e s p e c t  t o  a r a g o n i t e  (Fig .  3; 
Li  e t  a l . ,  1969? S c h o l l e  e t  a l . ,  1983) .  Deep m arine  w a te r s  
a r e  c u r r e n t l y  c i r c u l a t i n g  th ro u g h  Lower Miocene and upper 
Eocene s t r a t a  of t h e  F - l  w e l l  and lo w e s t  Upper Eocene s t r a t a  
of t h e  E - l  w e l l ,  and p r o b a b ly  have been f o r  some t im e  (Swartz ,  
1958) . T h e r e fo r e ,  i t  i s  q u i t e  r e a s o n a b l e  t o  c a l l  on r e l a t i v e l y  
deep m arine  w a te r  c i r c u l a t i n g  th ro u g h  t h e  a t o l l  t o  d i s s o l v e  
a r a g o n i t e  in  Lower Miocene and Upper Eocene s t r a t a  of t h e  
F - l  w e l l  (375 -  1 ,388  m) and c o r e  3 of t h e  E - l  w e l l  (1,243 
-  1 ,250 m) .
HIGH-MAGNESIAN CALCITE (HMC)
H ig h - m a g n e s i a n  c a l c i t e  (HMC) c o n s t i t u t e s  5 -  50% of  
most  modern c a r b o n a t e  s e d i m e n t s  ( S t e h l i  and Hower, 1961; 
F r i e d m a n ,  1964? L an d ,  1967)?  h o w e v e r ,  HMC i s  v i r t u a l l y  
n o n - e x i s t e n t  in  a n c i e n t  l i m e s t o n e s  ( B a th u r s t ,  1975, p . 237) .  
In  c o n t r a s t  t o  a r a g o n i t e  neomorphism, HMC f o s s i l s  a r e  o f t e n
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c o n v e r t e d  t o  LMC w i t h o u t  any d i s t i n g u i s h a b l e  p e t r o g r a p h i c  
c h ang e  i n  w a l l  s t r u c t u r e  ( F r i e d m a n ,  1964 ;  G r o s s ,  1964;  
Land ,  196 6 ;  Land e t  a l . ,  196 7 ;  P u r d y ,  1 9 6 8 ;  G a v i sh  and 
Fr iedm an ,  1969; G o t e r ,  1979; and o t h e r s ) .  The geochemical  
p r o c e s s  (o r  p r o c e s s e s )  by which  HMC i s  c o n v e r t e d  t o  LMC 
i s  ( a r e )  p o o r l y  u n d e rs to o d .  E x p e r im e n ta l ly ,  HMC d i s s o l v e s  
co m p le te ly  in  w a t e r s  u n d e r s a t u r a t e d  w i th  r e s p e c t  t o  c a l c i t e ;  
however , when w a t e r s  a r e  s l i g h t l y  s u p e r s a t u r a t e d  w i th  r e s p e c t  
t o  LMC, HMC " i n c o n g r u e n t l y  d i s s o l v e s " ,  consuming HMC and 
p rod u c in g  LMC p l u s  m agnes ium -r ich  w a te r  (Land, 1967; Plummer 
and Mackenzie, 1974; W a l te r  and Hanor, 1979; W a l t e r ,  1984) .  
S e v e ra l  h y p o th ese s  have been of  f e r e d  r e g a r d in g  t h i s  " in co n g ru e n t  
d i s s o l u t i o n "  o r  magnesium l o s s :
(1) To e x p l a i n  l o s s  of  magnesium w i th o u t  p e t r o g r a p h -  
i c a l l y  a l t e r i n g  HMC g r a i n s ,  B a th u r s t  (1975) s u g g e s t s  t h a t  
magnesium io n s  in  HMC cou ld  be d i f f u s e d  t o  c r y s t a l  s u r f a c e s ,  
and  t h e r e  be e x c h a n g e d  w i t h  c a lc ium  io n s  in  i n t e r s t i t i a l  
w a t e r s .  Though B a t h u r s t  (1975) does  n o t  p r e f e r  t h i s  e x p la n ­
a t i o n ,  he s t a t e s  t h a t  " th e  g e o l o g i c a l l y  slow r a t e  of l a t t i c e  
d i f f u s i o n  may be o f f s e t  by t h e  e x t r e m e l y  s m a l l  c r y s t a l  
s i z e  i n  t h e  s k e l e t o n s  and t h e  l a r g e  r e s u l t a n t  s u r f a c e  a r e a  
exposed t o  ground w a te r  a f t e r  o r g a n ic  m a t r i c e s  have decayed" 
(p.  3 3 7 ) .
(2) The l o s s  o f  magnesium from HMC co u ld  be t h e  r e s u l t  
o f  t h i n  r e a c t i o n  f i l m s  a long  which m ic ro sc o p ic  d i s s o l u t i o n  
and r e p r e c i p i t a t i o n  occu r  (Friedman, 1964; B a t h u r s t ,  1975) .  
I n  a t  l e a s t  some c a s e s ,  t h e  c o n v e r s i o n  of  HMC t o  LMC i s
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a c c o m p a n ie d  by a r e - e q u i l i b r a t i o n  o f  s t a b l e  c a r b o n  and 
oxy gen  i s o t o p e s  w i t h  m e t e o r i c  w a t e r ,  s u g g e s t i n g  t h a t  t h e  
s y n c h r o n o u s  d i s s o l u t i o n  o f  HMC and  p r e c i p i t a t i o n  of  LMC 
o c c u r r e d  in  m e te o r i c  w a te r s  (Land and E p s t e i n ,  1970) .
(3) A t h i r d  p o s s i b l e  way t o  e x p l a i n  t h e  l o s s  of magnesium 
w i t h o u t  any a p p a r e n t  t e x t u r a l  change  i s  t h a t  magnesium 
in  HMC o r i g i n a l l y  e x i s t e d  in  l a t t i c e  d e f e c t s ,  l a t t i c e  i n t e r ­
s t i c e s ,  and i n c l u s i o n s  ( S c h r o e d e r ,  1969 ;  S c h r o e d e r  and 
S i e g e l ,  1 9 6 9 ) .  I f  magnesium was c o n c e n t r a t e d  i n  l a t t i c e  
i n t e r s t i c e s  o r  i n c l u s i o n s ,  i t  c o u l d  be t r a n s p o r t e d  away 
w i th o u t  l o s s  of  f o s s i l  t e x t u r e  (Schroeder  and S i e g e l ,  1969) .  
A r e l a t e d  o p t i o n  i s  t h a t  magnesium e x i s t s  in  s u b -m ic ro s c o p ic ,  
m agnesium-r ich  m i n e r a l s  ( i . e .  b r u c i t e )  which a r e  p r e f e r e n t i a l l y  
d i s s o l v e d  i n  f r e s h  w a t e r ;  h o w e v e r ,  on ly  minor q u a n t i t i e s  
o f  m i n e r a l s  o t h e r  t h a n  c a l c i t e  have been found in  modern 
HMC c o r a l l i n e  a l g a e  (Schmalz, 1967; Mil l iman e t  a l . ,  1971) .
The g e o c h e m i c a l  and  p e t r o g r a p h i c  b e h a v i o r  of  t h r e e  
t y p e s  o f  HMC ( c o r a l l i n e  a l g a e ,  echinoderm f r a g m e n ts ,  and 
m i c r i t i c  s e d i m e n t s )  w e re  s y s t e m a t i c a l l y  s t u d i e d  i n  c o re s  
from Cenozoic s t r a t a  on Enewetak in  an e f f o r t  t o  u n d e rs tan d  
t h e  p r o c e s s e s  i n v o l v e d  i n  HMC s t a b i l i z a t i o n .  C o r a l l i n e  
a l g a e  and e c h i n o d e r m  f r a g m e n t s  w e re  s e l e c t e d  f o r  s t u d y  
f o r  t h r e e  main r e a s o n s .  F i r s t ,  b o th  were p ro b a b ly  HMC when 
l i v i n g .  S e co n d ,  b o th  a r e  s c a t t e r e d  th ro u g h o u t  most of  t h e  
Cenozoic  s e c t i o n .  T h i r d ,  bo th  c o r a l l i n e  a l g a e  and echinoderm 
f r a g m e n t s  a r e  e a s i l y  i d e n t i f i e d  i n  t h i n  s e c t i o n .  Although 
l e s s  dependably  HMC in  o r i g i n a l  c o m p o s i t io n ,  m i c r i t i c  s e d im en ts
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a r e  w i d e s p r e a d  and  p r o v i d e  i n s i g h t  i n t o  t h e  r o l e  which  
p e r m e a b i l i t y  and g r a i n  s i z e  seem t o  p l a y  in  t h e  HMC-LMC 
c o n v e r s io n .
P e t r o g r a p h i c a l l y ,  t h e  a l t e r a t i o n  of  echinoderm f r ag m e n ts ,  
c o r a l l i n e  a l g a e ,  and m i c r i t e  i s  s i m i l a r .  In  g e n e r a l ,  a l l  
t h r e e  w i l l  e i t h e r  d i s s o l v e  o r  l o s e  magnesium w i th o u t  any 
a p p a r e n t  p e t r o g r a p h i c  a l t e r a t i o n .  D ia g e n e t i c  m i c r i t i z a t i o n  
o f  c o r a l l i n e  a l g a e  may a l s o  o c c u r .  Because HMC c o r a l l i n e  
a l g a e ,  e c h in o d e r m  f r a g m e n t s ,  and m i c r i t e  a r e  i m p o s s i b l e  
t o  d i s t i n g u i s h  p e t r o g r a p h i c a l l y  from t h e i r  LMC c o u n t e r p a r t s ,  
a l l  t h r e e  g r a i n  t y p e s  w e re  s y s t e m a t i c a l l y  a n a ly z e d  w i th  
an e l e c t r o n  m icroprobe  t o  d e te rm in e  t h e i r  magnesium concen­
t r a t i o n s .
C o r a l l i n e  Algae
Most modern l i v i n g  c o r a l l i n e  a l g a e  a r e  composed of 
HMC c o n t a i n i n g  o v e r  4 w e i g h t  % Mg (M i l l im a n ,  1974) . In 
m ost  C e n o z o ic  s a m p le s  exam in e d  f rom  E n ew e tak ,  c o r a l l i n e  
a l g a e  have  c o n v e r t e d  t o  LMC c o n t a i n i n g  l e s s  t h a n  1 weigh t  
% Mg and showing l i t t l e  or  no p e t r o g r a p h i c  change,  excep t  
f o r  p a r t i a l  d i s s o l u t i o n  o f  c o r a l l i n e  a l g a e  i n  some P l e i s t o c e n e  
s a m p l e s .  Only i n  H o lo c e n e  s a m p le s  and  E - l  c o r e  1 (610 
-  618 m) were c o r a l l i n e  a l g a e  s k e l e t o n s  s t i l l  HMC (P ig s .  51 
and 52) . C o r a l l i n e  a l g a e  i n  E - l  c o r e  1 have s i g n i f i c a n t l y  
l e s s  magnesium th a n  Holocene c o r a l l i n e  a l g a e  and a r e  a p p a r e n t l y  
i n  t r a n s i t i o n  b e tw e e n  HMC and  LMC ( F i g .  5 2 ) .  D o lo m i te
2 2 1
F ig u re  51.
Magnesium c o n c e n t r a t i o n s  i n  Q u a t e r n a r y  c o r a l l i n e  a l g a e  
and m i c r i t e  i n  t h e  XAR-1, X R I-1 ,  and XEN-1 w e l l s .  Note 
t h a t  a l l  c o r a l l i n e  a l g a e  and m i c r i t e  below t h e  f i r s t  exposure  
s u r f a c e  ( to p  of  t h e  P l e i s t o c e n e )  a r e  LMC. Data from e l e c t r o n  
m icroprobe  a n a l y s e s .
MAGNESIUM CONCENTRATIONS IN QUATERNARY CORALLINE ALGAE AND MICRITE
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F ig u re  52.
Magnesium c o n c e n t r a t i o n s  i n  Lower Miocene and Upper Eocene 
c o r a l l i n e  a l g a e  v e r s u s  d e p t h .  Note  t h a t  Lower Miocene 
and Upper Eocene c o r a l l i n e  a l g a e  of t h e  F - l  w e l l  have q u i t e  
c o n s i s t e n t  magnesium c o n c e n t r a t i o n s  r e l a t i v e  t o  P l e i s t o c e n e  
c o r a l l i n e  a l g a e .  A lso  n o t e  t h e  c o n s i s t e n t  d e c r e a s e  of  
magnesium w i t h  d e p th  in  t h e  F - l  w e l l  ( r  = -0 .8 5 )  down t o  
t h e  i n t e n s e l y  d o lo m i t i z e d  zone.  Data  from e l e c t r o n  microprobe  
a n a l y s e s .
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rhombs c an  be o bse rved  r e p l a c i n g  p a r t s  of  c o r a l l i n e  a lg a e  
i n  c o r e s  11 -  14 o f  t h e  F - l  w e l l  ( 1 , 2 7 9  -  1 ,37 9  m) and 
in  c o re  3 of  t h e  E - l  w e l l  (1,243 -  1 ,250 m; F ig .  5 0 e ) .
S t r o n t i u m  and magnesium c o n c e n t r a t i o n s  i n  P l e i s t o c e n e  
c o r a l l i n e  a l g a e  a r e  e r r a t i c  and  show no t r e n d s  r e l a t i v e  
t o  dep th  (F ig s .  51 and 5 3 ) .  Magnesium and s t r o n t iu m  concen­
t r a t i o n s  in  t h e  Lower Miocene and Upper Eocene of t h e  F - l  
w e l l  a r e  much more c o n s i s t e n t  and show a g e n e r a l  d e c re a se  
i n  magnesium and s t r o n t i u m  w i t h  d e p t h  ( F i g s .  52 and 54; 
r (magnesium) = - 0 . 8 5 ;  r  ( s t r o n t i u m )  = - 0 . 6 4 ) .  However 
below t h e  i n t e n s e l y  d o lo m i t i z e d  zone in  t h e  F - l  w e l l  (1 ,279 
-  1 ,3 2 3  m) , t h e r e  i s  a s l i g h t  i n c r e a s e  i n  magnesium w i th  
d e p t h  ( F i g .  52) . L i k e w i s e ,  c o r a l l i n e  a l g a e  o f  t h e  E - l  
w e l l  show a d e c r e a s e  in  magnesium and s t r o n t iu m  w i th  dep th  
( F ig s .  52 and 5 4 ) .
P l o t s  of  s t r o n t iu m  v e r s u s  magnesium in  c o r a l l i n e  a lg a e  
d i s p l a y  some v e r y  i n t e r e s t i n g  p a t t e r n s  (F ig s .  55 and 56) . 
In  Q u a t e r n a r y  c o r a l l i n e  a l g a e ,  c l u s t e r  a n a l y s i s  i n d i c a t e s  
t h r e e  d i s t i n c t  s t r o n t iu m  v e r s u s  magnesium f i e l d s  (F ig .  5 5 ) .  
F i e l d  1 ( F i g .  55) c o n s i s t s  o f  c o r a l l i n e  a l g a e  w i th  h ig h ,  
p r o b a b l y  o r i g i n a l ,  magnesium c o n c e n t r a t i o n s  ( 4 - 7  weigh t  
% Mg; 15 -  25 mole  % MgCC>3 ) . F i e l d  2 (F ig .  55) i n c l u d e s  
c o r a l l i n e  a l g a e  w h ic h  h a v e  l o s t  much o f  t h e i r  o r i g i n a l  
magnesium b u t  have a p p a r e n t l y  r e t a i n e d  t h e i r  o r i g i n a l  s t r o n t iu m  
c o n c e n t r a t i o n s  ( 0 .0 8 0  -  0 .1 8 0  w e i g h t  % Sr)  . C o r a l l i n e  
a l g a e  i n  f i e l d  3 ( F i g .  55) have  l o s t  s i g n i f i c a n t  amounts 
o f  o r i g i n a l  s t r o n t iu m  and magnesium. F u r th e rm o re ,  P l e i s t o c e n e
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F ig u re  53.
S t r o n t i u m  c o n c e n t r a t i o n s  i n  Q u a t e r n a r y  c o r a l l i n e  a l g a e  
v e r s u s  d e p th .  Note t h a t  s t r o n t iu m  c o n c e n t r a t i o n s  a r e  e r r a t i c  
r e l a t i v e  t o  d e p th .  Data  from e l e c t r o n  microprobe  a n a l y s e s .
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F ig u re  54.
S t r o n t iu m  c o n c e n t r a t i o n s  i n  Lower Miocene and Upper Eocene 
c o r a l l i n e  a lg a e  v e r s u s  d e p th .  Note t h a t  s t r o n t iu m  concen­
t r a t i o n s  in  Lower Miocene and Upper Eocene c o r a l l i n e  a lg a e  
of  t h e  F - l  w e l l  a r e  more c o n s i s t e n t  t h a n  Q u a te rna ry  c o r a l l i n e  
a l g a e  ( F i g .  53) and  g e n e r a l l y  d e c r e a s e  w i t h  d e p t h  ( r  = 
- 0 . 6 6 ) .  Data from e l e c t r o n  m icroprobe  a n a l y s e s .
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F ig u r e  55.
S t r o n t i u m  v e r s u s  magnesium c o n c e n t r a t i o n s  i n  Q u a t e r n a r y  
c o r a l l i n e  a l g a e .  C l u s t e r  a n a l y s i s  (SAS, 1983) d e f i n e s  
3 d i s t i n c t  s t r o n t i u m - m a g n e s i u m  f i e l d s .  F i e l d  1 c o n s i s t s  
e n t i r e l y  of Holocene c o r a l l i n e  a l g a e  w i th  a p p a r e n t l y  o r i g i n a l  
magnesium and s t r o n t i u m  c o n c e n t r a t i o n s .  F i e l d  2 i n c lu d e s  
c o r a l l i n e  a l g a e  w h ich  hav e  l o s t  much o r i g i n a l  magnesium 
but  have a p p a r e n t l y  r e t a i n e d  o r i g i n a l  s t r o n t iu m  c o n c e n t r a t i o n s .  
Most c o r a l l i n e  a l g a e  i n  f i e l d  2 a r e  P l e i s t o c e n e .  F i e l d  
3 i n c l u d e s  P l e i s t o c e n e  c o r a l l i n e  which  have  a p p a r e n t l y  
l o s t  b o t h  o r i g i n a l  s t r o n t i u m  and m agnes ium .  C o r a l l i n e  
a lg a e  in  f i e l d  3 have a s t r o n g  c o r r e l a t i o n  between s t r o n t iu m  
and magnesium ( r  = 0 . 9 3 ) .  D a ta  from e l e c t r o n  m icroprobe 
a n a l y s e s .
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F ig u re  56.
S t r o n t i u m  and magnesium c o n c e n t r a t i o n s  i n  Lower Miocene 
and Upper Eocene c o r a l l i n e  a l g a e  of t h e  F - l  w e l l .  Dashed 
l i n e  r e p r e s e n t s  a l i n e a r  r e g r e s s i o n  f o r  P l e i s t o c e n e  c o r a l l i n e  
a l g a e  in  f i e l d  3 of  F ig u r e  55. In  Lower Miocene and Upper 
Eocene s t r a t a  o f  t h e  F - l  w e l l ,  c o r r e l a t i o n  of  s t r o n t iu m  
and magnesium i s  m odera te  (r = 0.60) bu t  has a s i g n i f i c a n t  
c o r r e l a t i o n  p r o b a b i l i t y  (99% c o n f i d e n c e  i n t e r v a l ) .  Data  
from e l e c t r o n  m icroprobe  a n a l y s e s .
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c o r a l l i n e  a lg a e  in  f i e l d  3 show a l i n e a r  c o r r e l a t i o n  between 
s t r o n t i u m  and magnesium (r  = 0 .9 3 ;  99% c o n f id e n ce  l e v e l ) .  
In  Lower Miocene and Upper Eocene s t r a t a  of t h e  F - l  w e l l ,  
magnesium c o n c e n t r a t i o n s  i n  c o r a l l i n e  a l g a e  show a s i g n i f i c a n t  
c o r r e l a t i o n  w i t h  s t r o n t i u m  c o n c e n t r a t i o n  ( F i g .  56 ;  r  = 
0 .6 0 ;  99% c o n f id e n ce  l e v e l ) .
Echinoderm Fragments
Modern echinoderm f rag m en ts  a r e  g e n e r a l l y  HMC (Mill iman,  
1974);  w hereas ,  echinoderm f rag m e n ts  i n  most  a n c i e n t  c a rb o n a te  
rocks  a r e  LMC or  d o lo m i te .  P e t r o g r a p h i c a l l y ,  most Cenozoic 
echinoderm f rag m e n ts  from Enewetak show no d i a g e n e t i c  a l t e r a t i o n  
o t h e r  th an  t h e  p r e c i p i t a t i o n  of  s y n t a x i a l  c a l c i t e  overgrow ths ;  
a l th o u g h  a few P l e i s t o c e n e  echinoderm f rag m en ts  have s u f f e r e d  
s e l e c t i v e  d i s s o l u t i o n  (F ig s .  40 and 41) . A lso ,  some echinoderm 
f r a g m e n t s  i n  c o r e  12 o f  t h e  F - l  w e l l  ( 1 , 3 1 5  -  1 ,3 23  m) 
have been d o lo m i t i z e d .
No echinoderm f rag m e n ts  from Holocene s t r a t a  on Enewetak 
w ere  a v a i l a b l e  f o r  a n a l y s i s .  Most P l e i s t o c e n e  echinoderm 
f r a g m e n t s  have  c o n v e r t e d  t o  LMC, bu t  a few s t i l l  c o n t a in  
5 - 8  mole  % MgCOj ( 1 . 2  -  2 . 1  w t .  % Mg; F ig .  5 7 ) .  Core 
1 o f  t h e  E - l  w e l l  (610 -  618 m) a l s o  c o n t a i n s  echinoderm 
f r a g m e n t s  t h a t  a r e  s t i l l  HMC (F ig s .  57 and 58) . In  Lower 
M iocene  and Upper  Eocene  s t r a t a  o f  t h e  F - l  w e l l  and in  
Upper Eocene s t r a t a  of t h e  E - l  w e l l ,  a l l  echinoderm f rag m en ts  
h a v e  c o n v e r t e d  t o  LMC ( F i g s .  57 and 58) . In  c o n t r a s t  t o
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F ig u r e  57.
S t ro n t ium  and magnesium c o n c e n t r a t i o n s  in  echinoderm f rag m en ts  
i n  C e n o z o ic  c a r b o n a t e s  on E n e w e ta k .  Stront ium-magnesium 
f i e l d s  1 - 3  were p r e v i o u s l y  i d e n t i f i e d  by c l u s t e r  a n a l y s i s  
o f  P l e i s t o c e n e  c o r a l l i n e  a l g a e  (F ig .  5 5 ) .  Data from e l e c t r o n  
m icroprobe  a n a l y s e s .
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F ig u r e  58.
Magnesium c o n c e n t r a t i o n  v e r s u s  d e p th  f o r  echinoderm f ragm en ts  
and m i c r i t e  i n  t h e  E - l  and F - l  w e l l s .  Data from e l e c t r o n  
microprobe  a n a l y s e s .
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P l e i s t o c e n e  c o r a l l i n e  a l g a e  on Enewetak, P l e i s t o c e n e  echinoderm 
f r a g m e n t s  have  v e r y  s i g n i f i c a n t  p o i n t - t o - p o i n t  v a r i a t i o n s  
in  magnesium. For example , t h e  mean p o i n t - t o - p o i n t  s t a n d a r d  
d e v i a t i o n  i n  magnesium f o r  c o r a l l i n e  a l g a e  i s  17% and f o r  
echinoderm f rag m en ts  i s  38%.
Magnesium c o n c e n t r a t i o n s  i n  P l e i s t o c e n e  e c h in o d e rm  
f r a g m e n t s  show no c o n s i s t e n t  t r e n d  r e l a t i v e  t o  d e p t h .  
In c o n t r a s t ,  echinoderm f rag m en ts  t e n d  t o  d e c r e a s e  in  magnesium 
c o n c e n t r a t i o n s  w i th  d e p th  i n  Lower Miocene and Upper Eocene 
s t r a t a  of  t h e  E - l  and F - l  w e l l s  (F ig .  58) . S t ron t ium  and 
magnesium c o n c e n t r a t i o n s  of  P l e i s t o c e n e  echinoderm f rag m en ts  
t e n d  t o  f i t  i n t o  t h e  3 f i e l d s  p r e v i o u s l y  i d e n t i f i e d  f o r  
c o r a l l i n e  a l g a e  ( F i g .  5 7 ) .  F i e l d  1 a p p a r e n t l y  r e p r e s e n t s  
u n a l t e r e d  HMC e c h i n o d e r m  f r a g m e n t s  ( F i g .  5 7 ) .  F i e l d s  2 
and 3 a r e  LMC and c o r re sp o n d  t o  f i e l d s  2 and 3 f o r  c o r a l l i n e  
a l g a e  ( F i g s .  55 and 5 7 ) .  I t  s h o u l d  be n o t e d  t h a t  when 
e c h in o d e r m  f r a g m e n t s  c o e x i s t  w i t h  c o r a l l i n e  a l g a e ,  o f t e n  
b o t h  do n o t  f a l l  i n t o  t h e  same Sr-Mg f i e l d .  Echinoderm 
f r a g m e n t s  in  Lower Miocene and Upper Eocene s t r a t a  of t h e  
F - l  w e l l  f a l l  i n t o  Sr-Mg f i e l d  3 (F ig .  5 7 ) .
M i c r i t i c  M a te r i a l
M i c r i t i c  m a t e r i a l ,  m a i n l y  i n  r e e f - r e l a t e d  i n t e r n a l  
s e d im e n ts ,  was a l s o  s y s t e m a t i c a l l y  ana lyzed  w i th  an e l e c t r o n  
m i c r o p r o b e  as  a p a r t  of t h i s  s tu d y  on Enewetak. I n t e r n a l  
s e d im en ts  were g e n e r a l l y  p e l l e t e d  m i c r i t e s  t h a t  o c c a s i o n a l l y
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c o n t a i n e d  s m a l l  f o r a m i n i f e r a .  Such r e e f - r e l a t e d  m i c r i t e s  
and  p e l l e t e d  m i c r i t e s  i n  t h e  Car ibbean  a r e  dom inan t ly  HMC 
(M acin ty re ,  1977; Land and Moore, 1980) ,  though minor c o n t r i ­
b u t i o n s  o f  a r a g o n i t i c  m i c r i t e  may be p r e s e n t .  As w i t h  
c o r a l l i n e  a l g a e ,  HMC m i c r i t e  i s  common in  Holocene s t r a t a  
b u t  i s  a b s e n t  below t h e  f i r s t  e x p osu re  s u r f a c e  (F ig .  51) . 
No HMC m i c r i t i c  s e d im e n ts  were found i n  P l e i s t o c e n e  s t r a t a  
o r  Lower Miocene and  Upper E ocene  s t r a t a  of t h e  E - l  and 
F - l  w e l l s  (F ig s .  51 and 57; no m i c r i t i c  m a t e r i a l  was an a lyzed  
from E - l  c o re  1 ) .
D i s c u s s io n  of  HMC d i a o e n e s i s
The the rm o d y n am ic  s t a b i l i t y  o f  c a l c i t e  i s  dependent  
on t h e  magnesium c o n c e n t r a t i o n  i n  c a l c i t e .  Plummer and 
M a ck e n z ie  (1974) show t h a t  t h e  e q u i l i b r i u m  i o n  a c t i v i t y  
p ro d u c t  (K) of  c a l c i t e  w i th  3 mole % MgC03 i s  3 .0  X 10- 9 /
w h i le  K of  c a l c i t e  w i th  12 .7  mole % MgC03 i s  15.1 X 10“ 9 .
Modern c o r a l l i n e  a l g a e  g e n e r a l l y  c o n t a i n  15 -  25 mole % 
MgC03 ( M i l l i m a n ,  1 9 7 4 ) .  S k e l e t a l  f r a g m e n t s  f rom  l i v i n g  
e c h i n o id s  va ry  between 3 .7  and 13.2  mole % MgC03 (Mil l iman,
1 9 7 4 ) .  V a r i a t i o n s  i n  o r i g i n a l  magnesium c o n c e n t r a t i o n  
o f  P l e i s t o c e n e  e c h i n o d e r m  f r a g m e n t s  have p ro b a b ly  caused 
t h e  h e t e r o g e n e o u s  a l t e r a t i o n  o f  e c h in o d e r m  f r a g m e n t s .  
As a r e s u l t ,  e c h in o d e r m  f r a g m e n t s  w i t h  more t h a n  8 mole 
% MgC03 ( 2 .1  w e i g h t  % Mg) have been a l t e r e d  t o  LMC w h i le
some HMC echinoderm f r a g m e n ts  w i th  l e s s  t h a n  8 mole % MgC03
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remain i n t a c t .
I t  a p p e a r s  t h a t  c a l c i t e  w i t h  o v e r  2 . 1  w e i g h t  % Mg 
(8 mole % MgCOj) i s  s i g n i f i c a n t l y  more p rone  t o  d i a g e n e t i c  
a l t e r a t i o n  t h a n  c a l c i t e  w i t h  l e s s  t h a n  2 .1  w e igh t  % Mg. 
T his  v a lu e  of 2 .1  w e ig h t  % Mg (8 mole % MgCC^) might  r e p r e s e n t  
a c r i t i c a l  magnesium c o n c e n t r a t i o n  above  w h ich  c a l c i t e  
s o l u b i l i t y  i s  g r e a t e r  t h a n  a r a g o n i t e  and below which c a l c i t e  
s o l u b i l i t y  i s  l e s s  t h a n  a r a g o n i t e .  Plummer and Mackenzie 
(1974) de te rm ined  e x p e r i m e n t a l ly  t h a t  7 .5 mole % magnesian 
c a l c i t e  has  t h e  same thermodynamic s t a b i l i t y  as  a r a g o n i t e .  
U s ing  new e x p e r i m e n t a l  d a t a ,  W al te r  (1984) c o n c lu d es  t h a t  
12 mole  % m a g n e s i a n  c a l c i t e  h a s  a p p r o x i m a t e l y  t h e  same 
thermodynamic s t a b i l i t y  a s  a r a g o n i t e .  However, d a t a  p r e s e n t e d  
h e r e  would t e n d  t o  s u p p o r t  c o n c l u s i o n s  of  Plummer and Mackenzie 
(1974) .  This  d i s t i n c t  v a r i a t i o n  in  HMC a l t e r a t i o n  s u g g e s t s  
t h a t  i t  i s  n o t  a p p r o p r i a t e  t o  o u t l i n e  t h e  d i a g e n e t i c  t r e n d s  
o f  HMC g r a i n s  (o r  e v en  ech inoderm  f ragm en ts )  a s  a s i n g l e  
homogeneous group (see  Brand and V e i z e r ,  1980) .
Environments  of  HMC a l t e r a t i o n
C o n v e r s i o n  o f  HMC t o  LMC i n  m e te o r i c  w a te r  has  been 
d e s c r i b e d  by Friedman (1964) ,  Land (1967) and many o t h e r s .  
In  a l l  Q u a te rn a ry  s t r a t a  which have been exposed t o  m e te o r i c  
w a t e r s  (below t h e  f i r s t  ex po su re  s u r f a c e ) , c o r a l l i n e  a lg a e  
and m i c r i t e  h av e  b e e n  c o n v e r t e d  t o  LMC s u g g e s t i n g  t h a t  
m e t e o r i c  w a t e r s  a r e  g e n e r a l l y  r e s p o n s i b l e  f o r  t h e  HMC t o
242
LMC c o n v e r s i o n  i n  P l e i s t o c e n e  s t r a t a  (F ig .  51) . In  co re  
2 (854 -  856 m) o f  t h e  E - l  w e l l ,  abundant  m e t e o r i c  cements 
( s e e  D i s c u s s i o n  o f  Cements) s u g g e s t  a m e t e o r i c  c o n v e rs io n  
of  HMC t o  LMC in  t h a t  s t r a t i g r a p h i c  i n t e r v a l .
In  P l e i s t o c e n e  c o r a l l i n e  a l g a e  and echinoderm f ragm en ts  
t h a t  h a v e  b een  c o n v e r t e d  t o  LMC, magnesium c o n c e n t r a t i o n s  
a r e  e r r a t i c a l l y  s c a t t e r e d  b e tw e e n  0 .1 5  and 0 .9 5  w e i g h t  
% Mg (F ig .  5 1 ) .  The c o n s i s t e n c y  of magnesium c o n c e n t r a t i o n s  
i n  c o r a l l i n e  a l g a e  and  e c h i n o d e r m  f r a g m e n t s  between 375 
and 1,3 88 m in  t h e  F - l  w e l l  s u g g e s t s  t h a t  m e te o r i c  d i a g e n e s i s  
i s  n o t  r e s p o n s i b l e  f o r  t h e  c o n v e r s i o n  o f  c o r a l l i n e  a lg a e  
and echinoderm f ra g m e n ts  t o  LMC in  t h o s e  s t r a t a .  The a s s o c ­
i a t i o n  o f  LMC c o r a l l i n e  a l g a e  and  e c h i n o d e r m  f r a g m e n t s  
w i th  LMC m arine  cements  (see  D i s c u s s io n  of Cements) s u g g e s t s  
t h a t  t h e  HMC t o  LMC t r a n s i t i o n  o c c u r r e d  in  m ar ine  w a te r s  
be low t h e  HMC s a t u r a t i o n  dep th  in  Lower Miocene and Upper 
Eocene  s t r a t a  o f  t h e  F - l  w e l l .  The a b s e n c e  of m e te o r ic  
cements and dominance of LMC m arine  cements in  c o r e  3 (1,243 
-  1 ,2 5 0  m) o f  t h e  E - l  w e l l  a l s o  s u g g e s t  t h a t  c o n v e rs io n  
of c o r a l l i n e  a l g a e  in  E - l  c o re  3 o c c u r re d  i n  m ar ine  w a t e r s .
In  c o r a l l i n e  a l g a e  and  e c h i n o d e r m  f r a g m e n t s  o f  th e  
F - l  w e l l ,  t h e  g r a d u a l  d e c r e a s e  i n  magnesium w i th  b u r i a l  
dep th  s u g g e s t s  t h a t  c a l c i t e  in  c o r a l l i n e  a l g a e  and echinoderm 
f r a g m e n t s  i s  c o n t i n u o u s l y  or  p e r i o d i c a l l y  l o s i n g  magnesium 
i n  o r d e r  t o  r e - e q u i l i b r a t e  w i t h  i n t e r s t i t i a l  s e a w a t e r .  
D e c r e a s i n g  c a l c i t e  s a t u r a t i o n  w i th  dep th  i s  p ro b a b ly  t h e  
f u n d a m e n t a l  c a u s e  o f  d e c r e a s i n g  magnesium c o n c e n t r a t i o n
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i n  c o r a l l i n e  a l g a e  w i t h  d e p t h  i n  t h e  F - l  w e l l .  C a l c i t e  
s a t u r a t i o n  i n  t h e  P a c i f i c  Ocean d e c r e a s e s  s t e a d i l y  w i th  
d e p t h  (L i  e t  a l . , 19 6 9 ;  S c h o l l e  e t  a l . r 1983) .  Chave e t  
a l . (1962) showed e x p e r i m e n t a l l y  t h a t  t h e  s t a b i l i t y  o f  
m a g n e s i a n  c a l c i t e  i s  d i r e c t l y  r e l a t e d  t o  t h e  d e g r e e  of 
c a l c i t e  s a t u r a t i o n  in  t h e  su r ro u n d in g  w a t e r s .  In  t h e  F - l  
w e l l ,  t h e  magnesium c o n c e n t r a t i o n  i n  LMC c o r a l l i n e  a lg a e  
d e c r e a s e s  downward u n t i l  i n t e r s t i t i a l  w a te r s  become under­
s a t u r a t e d  w i th  r e s p e c t  t o  c a l c i t e  and c o r a l l i n e  a l g a e  begin  
t o  d i s s o l v e  in  zones  o f  i n t e n s e  d o l o m i t i z a t i o n .
Mechanisms o f  Convers ion  from HMC t o  LMC
The dom inance  o f  LMC c o r a l l i n e  a l g a e  i n  P l e i s t o c e n e  
s t r a t a  s u g g e s t s  t h a t  t h e  c o n v e r s i o n  o f  f i n e  c r y s t a l l i n e  
HMC t o  LMC can be ve ry  r a p i d .  In a l l  s t r a t a  showing a r a g o n i t e  
a l t e r a t i o n ,  and in  many P l e i s t o c e n e  s t r a t a  t h a t  show l i t t l e  
a r a g o n i t e  d i a g e n e s i s ,  c o r a l l i n e  a l g a e  and HMC m i c r i t e  have 
c o n v e r t e d  t o  LMC. I n  Q u a t e r n a r y  s a m p le s  f rom  Enewetak, 
magnesium v e r s u s  s t r o n t iu m  p l o t s  f o r  c o r a l l i n e  a l g a e  su g g e s t  
t h a t  c o r a l l i n e  a l g a e  and  e c h i n o d e r m  f r a g m e n t s  have l o s t  
magnesium by two d i s t i n c t l y  d i f f e r e n t  p r o c e s s e s  (F ig s .  55 
and 5 7 ) .  In  one  p r o c e s s  ( F ig s .  55 and 57) HMC c o r a l l i n e  
a l g a e  and  e c h i n o d e r m  f r a g m e n t s  l o s e  magnesium bu t  r e t a i n  
t h e i r  o r i g i n a l  s t r o n t iu m  c o n c e n t r a t i o n .  In  t h e  o t h e r  p r o c e s s  
( F i g s .  55 and 5 7 ) ,  b o t h  s t r o n t i u m  and magnesium a r e  l o s t
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from t h e  o r i g i n a l  HMC f o s s i l s .  In  t h e  magnesium-s tron t ium  
p l o t s  f o r  Q u a t e r n a r y  c o r a l l i n e  a l g a e  (F ig .  55) , t h e  l a c k  
o f  t r a n s i t i o n a l  g r a i n s  b e tw e e n  t h e  t h r e e  f i e l d s  s u g g e s t s  
t h a t  HMC c o r a l l i n e  a l g a e  c o n v e r t e d  d i r e c t l y  t o  e i t h e r  f i e l d  
2 or 3 .
C o r a l l i n e  a l g a e  and  e c h i n o d e r m  f r a g m e n t s  i n  f i e l d  
2 ( F i g s .  55 and 57) have  l o s t  magnesium w h i le  a p p a r e n t l y  
r e t a i n i n g  o r i g i n a l  s t r o n t i u m .  B e ca u se  s t r o n t i u m  s h o u l d  
a l s o  p a r t i a l l y  r e - e q u i l i b r a t e  w i t h  i n t e r s t i t i a l  w a t e r s  
i n  a d i s s o l u t i o n - r e p r e c i p i t a t i o n  p r o c e s s ,  magnesium was 
p r o b a b l y  l o s t  w i t h o u t  d i s s o l u t i o n  and  r e p r e c i p i t a t i o n .  
Magnesium l o s s  (Ca/Mg exchange)  by d i f f u s i o n  cou ld  produce 
LMC w i th o u t  a l t e r i n g  t h e  s t r o n t iu m  c o n c e n t r a t i o n  (B a th u r s t ,
1 975) .  This  m ight  c o r re sp o n d  t o  Towe and Hemleben 's  (1976) 
s t a g e  1 of HMC a l t e r a t i o n  where magnesium i s  l o s t  bu t  f o s s i l  
u l t r a - s t r u c t u r e  (as  viewed by SEM) rem ains  unchanged.  Towe 
and  Hemleben (1976) a l s o  s u g g e s t  t h a t  t h e i r  s t a g e  1 of  
HMC a l t e r a t i o n  i n v o lv e s  a Ca/Mg exchange w i th  ambient  w a t e r s ,  
b u t  w i t h o u t  a n y  m i c r o - d i s s o l u t i o n  o r  r e p r e c i p i t a t i o n .  
S t a b l e  c a r b o n  and  o x ygen  i s o t o p e  a n a l y s e s  o f  c o r a l l i n e  
a l g a e  and  e c h i n o d e r m  f r a g m e n t s  i n  f i e l d  2 might  c l a r i f y  
t h e  p r o c e s s  by which HMC i s  a l t e r e d  t o  f i e l d  2.
S t r o n t i u m  and magnesium c o n c e n t r a t i o n s  in  P l e i s t o c e n e  
c o r a l l i n e  a l g a e  i n  f i e l d  3 ( F i g .  55) f a l l  i n t o  a l i n e a r  
p a t t e r n  i n  w h ich  s t r o n t i u m  and magnesium c o n c e n t r a t i o n s  
a r e  d i r e c t l y  p r o p o r t i o n a l  t o  each o t h e r  (r  = 0 . 8 5 ) .  C o r a l l i n e  
a l g a e  i n  f i e l d  3 have l o s t  s i g n i f i c a n t  amounts of  o r i g i n a l
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s t r o n t i u m  a s  w e l l  a s  m agnes ium ,  s u g g e s t i n g  c o n v e r s io n  t o  
LMC by a d i s s o l u t i o n / r e p r e c i p i t a t i o n  p r o c e s s  (F r iedm an ,  
1964 ;  L and ,  1967 ;  Land and  E p s t e i n ,  197 0) in  which bo th  
s t r o n t i u m  and magnesium have p a r t i a l l y  r e - e q u i l i b r a t e d  
w i th  i n t e r s t i t i a l  w a t e r s .
The s lo p e  of t h e  m agnes ium -s tron t ium  l i n e a r  r e g r e s s i o n  
f o r  d e ep  F - l  c o r a l l i n e  a l g a e  i s  s i m i l a r  t o  bu t  s l i g h t l y  
l e s s  t h a n  t h e  m agnes ium -s tron t ium  s lo p e  f o r  c o r a l l i n e  a lg a e  
i n  f i e l d  3 o f  t h e  P l e i s t o c e n e  c o r a l l i n e  a lg a e  of Enewetak 
( F i g .  56) . The s i m i l a r i t y  of s l o p e s  s u g g e s t s  t h a t  s i m i l a r  
p r o c e s s e s  c o n t r o l l e d  t h e  magnesium and s t r o n t iu m  com pos i t ion  
o f  c o r a l l i n e  a l g a e  in  t h e  two sy s tem s .  Because d i a g e n e t i c  
a l t e r a t i o n  o f  t h e  two s y s t e m s  o c c u r r e d  in  ve ry  d i f f e r e n t  
c h e m ic a l  s y s t e m s ,  any e x p l a n a t i o n  f o r  t h e  s i m i l a r i t y  of 
t h e i r  m a g n e s i u m - s t r o n t i u m  t r e n d s  m us t  n o t  be d e p e n d e n t  
on t h e  c a l c i u m ,  m agnes ium ,  and s t r o n t i u m  c o n c e n t r a t i o n s  
of  t h e  i n t e r s t i t i a l  w a t e r s .
The rough ly  l i n e a r  c o r r e l a t i o n  of  s t r o n t iu m  and magnesium 
i n  f i e l d  3 ( F i g .  55) might  r e f l e c t  t h e  r a t e  a t  which t h e  
d i s s o l u t i o n / r e p r e c i p i t a t i o n  p r o c e s s  o c c u r r e d  and t h e  r a t e  
a t  w h ich  t h e  e x c e s s  magnesium and s t r o n t iu m  were removed 
from t h e  d i s s o l u t i o n / r e p r e c i p i t a t i o n  sys tem .  Lower c a l c i t e  
s a t u r a t i o n  s t a t e s  m igh t  cause  s low er  r e p r e c i p i t a t i o n  r a t e s  
a l lo w in g  more e f f e c t i v e  removal of  bo th  magnesium and s t r o n t iu m  
i o n s  f rom  t h e  d i a g e n e t i c  system ( e f f e c t i v e l y  low ering  t h e  
d i s t r i b u t i o n  c o e f f i c i e n t s  o f  magnesium and s t r o n t i u m ) . 
I n  Lower Miocene  and  Upper Eocene c o r a l l i n e  a l g a e  of t h e
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F - l  w e l l ,  c o i n c i d e n t a l  d e c r e a s e s  i n  magnesium and s t r o n t iu m  
c o n c e n t r a t i o n  can  be c o r r e l a t e d  w i th  d e c r e a s in g  d e p th  and 
c a l c i t e  s a t u r a t i o n .  The s l i g h t l y  lower  s lo p e  (Sr/Mg r a t i o )  
o f  t h e  d e ep  F - l  c o r a l l i n e  a l g a e  r e l a t i v e  t o  P l e i s t o c e n e  
c o r a l l i n e  a l g a e  ( F i g .  5 6 ) ,  may r e f l e c t  t h e  much h i g h e r  
Mg2+/ca 2+ r a t i o  i n  ocean  w a te r  r e l a t i v e  t o  m e te o r i c  w a te r .
I t  i s  u n c l e a r  why some P l e i s t o c e n e  c o r a l l i n e  a l g a e  
and e c h i n o d e r m  f r a g m e n t s  c o n v e r t  t o  f i e l d  2 and o t h e r s  
t o  f i e l d  3. P e t r o g r a p h i c a l l y  t h e r e  i s  no d i f f e r e n c e  between 
f i e l d s  1 ,  2 o r  3 .  O f t e n  an echinoderm fragm ent  in  f i e l d  
3 w i l l  c o e x i s t  w i t h  c o r a l l i n e  a l g a e  in  f i e l d  3 and v ic e  
v e r s a .  C o r a l l i n e  a l g a e  w i th  t h e  lo w e s t  s t r o n t iu m  and magnesium 
c o n c e n t r a t i o n s  in  f i e l d  3 u s u a l l y  come from i n t e r v a l s  b e l i e v e d  
t o  h a v e  b e en  i n  p a l e o - m e t e o r i c  p h r e a t i c  zones .  However, 
c o r a l l i n e  a l g a e  f rom  a d j a c e n t  s a m p le s  which  a l s o  shou ld  
have  b e e n  i n  m e t e o r i c  p h r e a t i c  z o n e s  a r e  o f t e n  i n  f i e l d  
2 .  I t  i s  n o t  r e a d i l y  a p p a r e n t  why some c o r a l l i n e  a lg a e  
i n v e r t  t o  f i e l d  2 and o t h e r s  t o  f i e l d  3.  S y s tem a t ic  s t a b l e  
c a r b o n  and  o x y gen  i s o t o p e  a n a l y s e s  of  c o r a l l i n e  a l g a e  in  
t h e  t h r e e  s t r o n t i u m - m a g n e s i u m  f i e l d s  m ig h t  p r o v i d e  t h e  
answer.
flQM BACTIOH
C om p ac t io n  i s  an i m p o r t a n t  p r o c e s s  in  t h e  r e d u c t i o n  
o f  p o r o s i t y  in  a n c i e n t  c a r b o n a t e  rocks  (Brock and Moore, 
1981;  H a i l e y  and S chm oker ,  1982 ;  and  o t h e r s ) .  Enewetak 
A t o l l  p r o v i d e s  a n a t u r a l  l a b o r a t o r y  f o r  t h e  s tudy  of  compaction 
i n  c a r b o n a t e  g r a i n s t o n e s  and  p a c k s t o n e s .  A l l  c a r b o n a t e  
s t r a t a  on Enewetak  a r e  c u r r e n t l y  a t  t h e i r  maximum b u r i a l  
d e p th  ( S c h l a n g e r ,  1 9 6 3 ) .  T h e r e f o r e ,  i f  a rock  from t h e  
E - l  or  F - l  w e l l s  shows compaction f e a t u r e s ,  t h o s e  f e a t u r e s  
must have developed a t  t h e i r  c u r r e n t  b u r i a l  dep th  or  s h a l lo w e r .  
L ikew ise ,  i f  a rock  shows no s i g n i f i c a n t  compaction e f f e c t s ,  
i t  i n d i c a t e s  t h a t  l i t h o s t a t i c  p r e s s u r e s  a t  t h e  c u r r e n t  
ro c k  d e p t h  a r e  n o t  g r e a t  enough t o  i n i t i a t e  f o r m a t io n  of 
c o m p a c t io n  f e a t u r e s .  In  t h i s  s t u d y ,  compaction f e a t u r e s  
were o n ly  observed  i n  uncemented and poo r ly -cem en ted  g r a i n s t o n e s  
and p a c k s to n e s .  G ra in s  in  m ud-r ich  or  w e l l -cem en ted  rocks  
do n o t  show c o m p a c t i o n  f e a t u r e s  a s  r e a d i l y  as  uncemented 
g r a i n s t o n e s  (B h a t tac h a ry y a  and Friedman,  1979);  t h e r e f o r e ,  
t h i s  d i s c u s s i o n  w i l l  be c o n f in e d  t o  compaction in  uncemented 
and p oo r ly -cem en ted  g r a i n s t o n e s  and p a c k s to n e s .
S ev e ra l  f a c t o r s  s e r i o u s l y  c o n s t r a i n  a d e t a i l e d  a sse s sm e n t  
o f  c a r b o n a t e  c o m p a c t i o n  on E n ew e tak .  F i r s t ,  on ly  a few 
s h o r t  c o r e s  were t a k e n  a round 610 m where compaction e f f e c t s  
i n  g r a i n s t o n e s  a r e  f i r s t  n o t i c e d .  S e co n d ,  b e tw e e n  375 
and 1,000 m in  t h e  F - l  w e l l ,  uncemented and poor ly -cem en ted
247
248
g r a i n s t o n e s  and p a c k s t o n e s  a r e  q u i t e  r a r e .  S i g n i f i c a n t  
c o m p a c t i o n  f e a t u r e s  w e re  fo u n d  i n  b i o c l a s t i c  g r a i n s t o n e s  
and p a c k s t o n e s  b e tw e e n  1 ,114 and 1,379 m in  t h e  F - l  w e l l  
and in  c o re  1 (610 -  618 m) o f  t h e  E - l  w e l l .  No d i s t i n c t  
c o m p a c t i o n  f e a t u r e s  w e re  o b s e r v e d  i n  any o t h e r  s a m p le s  
examined from Enewetak.
Upper Eocene of t h e  F - l  Well
R o t a l i n e  f o r a m i n i f e r a  and  c o r a l l i n e  a l g a e  f ragm en ts  
a r e  commonly f r a c t u r e d  i n  Upper Eocene c o re s  between 1 ,114 
and 1 ,3 7 9  m in  t h e  F - l  w e l l  (F ig s .  3 and 5 9 a ) .  Frequency 
and i n t e n s i t y  of f r a c t u r i n g  i n c r e a s e s  w i th  dep th  from g r a i n ­
s t o n e s  a t  1 ,1 1 4  m t o  g r a i n s t o n e s  a t  1,287 m. Compaction 
i n  c o r e s  between 1 ,315  and 1,379 m i s  n o t  n o t i c e a b l y  more 
i n t e n s e  t h a n  a t  1 , 2  87 m. However, s t r a t a  between 1 ,315 
and 1 ,3 7 9  m a r e  o f t e n  p a c k s t o n e s  c o n t a i n i n g  mud, which  
B h a t t a c h a ry y a  and Friedman (1979) show s u p p r e s s e s  compaction 
f r a c t u r i n g .  P r e s s u r e  s o l u t i o n  o f  f o r a m i n i f e r a  c o r a l l i n e  
a l g a e ,  and o t h e r  g r a i n s  i s  fo u n d  i n  r o c k s  between 1 ,114 
and 1,379 m in  t h e  F - l  w e l l  (F ig s .  13 and 14) . Like f r a c ­
t u r i n g ,  p r e s s u r e  s o l u t i o n  i n c r e a s e s  i n  i n t e n s i t y  from 1,114 
t o  1 , 2  87 m and t h e n  r e m a i n s  r e l a t i v e l y  c o n s t a n t  between 
1 ,315 and 1,379 m.
S p a r s e  f i b r o u s  c e m e n ts  and  e c h i n o d e r m  o v e r g r o w t h s  
a r e  p r e s e n t  in  c o r e s  b e tw een  1 ,114 and 1,379 m. F ib ro u s  
cements a r e  never  o bse rved  growing in  compaction f r a c t u r e s ;
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F i g u r e  5 9 .
P h o t o m i c r o g r a p h s  o f  c o m p a c t io n  f e a t u r e s  i n  Upper Eocene 
and Lower Miocene s t r a t a .  Bar s c a l e s  a t  lower l e f t  equal  
0 .1  mm.
(a)  C o m p ac t io n  f r a c t u r i n g  and  minor p r e s s u r e  s o l u t i o n  of 
Upper Eocene c o r a l l i n e  a lg a e  (1,282 m, F - l  w e l l ) .
(b)  P r e s s u r e - s o l u t i o n  c o n t a c t  o f  a e u h e d r a l  e c h in o d e rm  
o v e r g r o w t h  (0) and  an a d j a c e n t  e c h in o d e r m  f r a g m e n t  (E) 
(1,284 m, F - l  w e l l ) . Crossed n i c o l s .
(c) P r e s s u r e - s o l u t i o n  compaction of  a l a r g e  r o t a l i n e  fo ram in ­
i f e r a  (F) i n t o  a c o r a l l i n e  a l g a e  f ragm ent  (CA) (1,285 m, 
F - l  w e l l ) . C rossed  n i c o l s .
(d) E ch in o d e rm  o v e r g r o w t h  w i t h  s t r e s s  tw inn ing  (1,282 m, 
F - l  w e l l ) .
(e) Dolomite  rhomb ( c e n te r )  overgrowing a compaction f r a c t u r e  
i n  a c o r a l l i n e  a lg a e  f ragm ent  (1,284 m, F - l  w e l l ) .  Crossed  
n i c o l s .  Dolomite  rhomb ( c e n t e r )  a t  e x t i n c t i o n .
( f)  Minor , i n c i p i e n t  compaction f r a c t u r i n g  (F) o f  a t h i n - w a l l e d  
r o t a l i n e  f o r a m i n i f e r a  (co re  1 ,  610 -  618 m, E - l  w e l l ) .
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however ,  f i b r o u s  cements  a r e  observed  a t  p r e s s u r e  s o l u t i o n  
c o n t a c t s  (F ig .  2 1 a ) . In  o n ly  a few r a r e  c a s e s  do echinoderm 
overgrowths  f i l l  f r a c t u r e s .  Much more commonly, echinoderm 
o ve rg ro w th s  ( o f t e n  e u h e d r a l )  a r e  compacted i n t o  each o t h e r  
or i n t o  o t h e r  g r a i n s  (F ig .  5 9 b ) .  These p e t r o g r a p h i c  r e l a t i o n ­
s h i p s  i n d i c a t e  t h a t  most  compaction fo l lo w ed  c a l c i t e  cementa­
t i o n .  Between 1 ,114 and 1,287 m, s t r e s s  tw inn ing  i s  common 
i n  e c h in o d e r m  o v e r g r o w t h s  which  have  b een  p r e s s e d  i n t o  
a d j a c e n t  g r a i n s  ( F i g .  5 9 d ) ;  however  s t r e s s  t w i n n in g  was 
never  observed  in  echinoderm overgrow ths  i n  s h a l lo w e r  s t r a t a .  
In  c o r e s  11 and 12 ,  d o l o m i t e  rhombs so m e t im e s  o v e rg ro w  
com pact ion  f r a c t u r e s ,  b u t  a r e  never  in vo lv e d  in  compaction 
( F i g .  5 9 e ) . T h e r e f o r e ,  c o m p a c t i o n  a p p e a r s  t o  have been 
completed p r i o r  t o  d o l o m i t i z a t i o n .
E - l - W e l l :  Core 1 (610 -  618 m)
Core 1 of t h e  E - l  w e l l  (610 -  618 m) i s  an uncemented 
b i o c l a s t i c  g r a i n s t o n e  which has s u f f e r e d  minor d i s s o l u t i o n  
and v e r y  m inor  compaction  (F ig .  14) . Between 610 and 618 
m in  t h e  E - l  w e l l ,  o n l y  a few t h i n - w a l l e d  f o r a m i n i f e r a  
have  b e en  f r a c t u r e d  due t o  compaction (F ig .  5 9 f ) . Though 
c o r a l l i n e  a l g a l  f r a g m e n t s  a r e  a b u n d a n t  in  c o re  1 of t h e  
E - l  w e l l ,  none  w ere  o b s e r v e d  w i t h  c o m p a c t i o n  f r a c t u r e s  
i n  c o n t r a s t  t o  s t r a t a  1 ,1 1 4  -  1 ,3 7 9  m d e ep  i n  t h e  F - l
w e l l  where c o r a l l i n e  a l g a e  f rag m en ts  and t h i c k - w a l l e d  r o t a l i n e  
f o r a m i n i f e r a  a r e  commonly f r a c t u r e d .  Very minor p r e s s u r e
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s o l u t i o n  i s  a l s o  o bse rv ed  in  g r a i n s t o n e s  of E - l  c o r e  1.
D i s c u s s io n  of compaction
S i g n i f i c a n t  c o m p a c t i o n - r e l a t e d  f r a c t u r i n g  and p r e s s u r e  
s o l u t i o n  o f  r i g i d  g r a i n s  i n  p o o r l y  c em en ted  g r a i n s t o n e s  
a p p a r e n t l y  s t a r t s  a t  a p p r o x i m a t e l y  610 m on Enewetak and 
g r a d u a l l y  i n t e n s i f i e s  down t o  a d e p th  of l r2 80 m. Assuming 
an av e rag e  p o r o s i t y  o f  30% f o r  o v e r ly in g  Cenozoic Enewetak 
c a r b o n a t e ,  l i t h o s t a t i c  p r e s s u r e  w ou ld  be a p p r o x i m a t e l y  
100 b a r s  more th a n  h y d r o s t a t i c  p r e s s u r e  a t  610 m and approx­
i m a t e l y  215 b a r s  more  t h a n  h y d r o s t a t i c  p r e s s u r e  a t  1,280 
m. Between 900 m and 1 ,100 m, P a c i f i c  Ocean w a te r s  become 
u n d e r s a t u r a t e d  w i t h  r e s p e c t  t o  c a l c i t e  (Li e t  a l . ,  1969; 
S c h o l l e  e t  a l . , 1 9 8 3 ) .  At  a p p r o x i m a t e l y  300 m, P a c i f i c  
Ocean w a te r  becomes u n d e r s a t u r a t e d  w i th  r e s p e c t  t o  a r a g o n i t e  
(L i  e t  a l . ,  1 9 6 9 ) .  T h i s  s u g g e s t s  t h a t  p r e s s u r e  s o l u t i o n  
may be c o n n e c t e d  t o  o r  a i d e d  by s u b s u r f a c e  w a te r s  which 
a r e  u n d e r s a t u r a t e d  w i t h  r e s p e c t  t o  t h e  g r a i n s  i n v o l v e d  
in  p r e s s u r e  s o l u t i o n .
A d m i t t e d l y  t h e  d a t a  b a s e  f o r  t h e s e  c o n c l u s i o n s  i s  
m i n i m a l ,  and t h e  c o n c l u s i o n s  o f  t h i s  s tu d y  must be used 
w i th  knowledge of  t h e  d a t a  b a se .  However, t h e  unique  s e t t i n g  
o f  E n ew e tak ,  where t h e  o n s e t  of compaction  f r a c t u r i n g  can 
be d i r e c t l y  o b se rv ed ,  i s  f o r t u i t o u s .  Other  s t u d i e s  r e g a r d in g  
t h e  c o m p a c t i o n  o f  c a r b o n a t e s  h a v e  b e en  b a s e d  l a r g e l y  on
(1) e x p e r im e n ta l  work o r  (2) a n c i e n t  rocks  where t h e  t im in g ,
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and hence t h e  b u r i a l  d e p th ,  of compaction  must be i n f e r r e d ,  
o f t e n  from e q u iv o c a l  d a t a .
E x p e r i m e n t a l  s t u d i e s  on t h e  c o m p a c t io n  of  c a r b o n a te  
sands ( g r a i n s t o n e s )  a r e  r e l a t i v e l y  r a r e .  R a th e r ,  e x p e r im en ta l  
s t u d i e s  have  c o n c e n t r a t e d  on t h e  compaction  of  c a rb o n a te  
muds and m ud-sand  m ix t u r e s  (T e rza g h i ,  1940; F ru th  e t  a l . ,  
1966 ;  E b h a r d t , 1968 ;  S h in n  e t  a l . ,  1977 ;  B h a t t a c h a r y y a  
and F r i e d m a n ,  1979 ;  S h in n  and R o b b in ,  1 9 8 3 ) .  F r u t h  e t  
a l .  (1966) r a n  a s e r i e s  o f  e x p e r im e n ts  i n  which they  measured 
t h e  p o r o s i t y  ch an g e  i n  c a r b o n a t e  s a n d s  w i t h  i n c r e a s i n g  
p r e s s u r e .  Exper iments  showed i n t e n s e  f r a c t u r i n g  and i n t e r ­
p e n e t r a t i o n  o f  g r a i n s  ( in  sands)  w i th  c o n f in in g  p r e s s u r e s  
of  1 ,000  b a r s .  U n f o r t u n a t e l y ,  th ey  d id  n o t  check compaction 
f e a t u r e s  a t  i n t e r m e d i a t e  p r e s s u r e s  t o  see  when g r a i n  f r a c t u r i n g  
s t a r t e d .  L i k e w i s e ,  B h a t t a c h a r y y a  and Friedman (1979) do 
n o t  r e p o r t  a t  w h a t  p r e s s u r e  o o id  f r a c t u r i n g  s t a r t e d ,  but  
they  do d e s c r i b e  abundan t  f r a c t u r i n g  a t  t h e  end of  e x p e r im e n ts  
w i th  maximum c o n f in in g  p r e s s u r e s  of  555 b a r s .
In  r e c e n t  y e a r s ,  p e t r o g r a p h i c  s t u d i e s  d e s c r i b i n g  t h e  
com pact ion  o f  a n c i e n t  c a r b o n a t e s  have been numerous (Pray ,  
1960; Kahle ,  1966; Z an k l ,  1969; Coogan, 1970; Conley,  1977; 
S h in n  e t  a l . , 1 9 7 7 ;  W a n l e s s ,  1979; Meyer, 1980; Brock and 
Moore,  198 1 ;  Moore a nd  Druckman, 19 8 1 ;  Meyer and H i l l ,  
1983) . Two s t u d i e s  o f  a n c i e n t  l i m e s t o n e s  have a t t e m p te d  
t o  e s t a b l i s h  a b s o l u t e  d e p th s  a t  which compaction f e a t u r e s  
( p r e s s u r e  s o l u t i o n )  began .  Dunnington (1967, p . 340) e s t i m a t e s  
t h a t  o v e r b u r d e n  p r e s s u r e s  can  b e g in  t o  cause  s i g n i f i c a n t
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v e r t i c a l  i n t e r p e n e t r a t i o n  ( p r e s s u r e  s o l u t i o n ,  s t y l o l i t i z a t i o n )  
a t  b u r i a l  d e p th s  o f  610 -  900 in in  t h e  P e r s i a n  G u lf  a r e a .  
S e l l i e r  (1979) r e a s o n s  t h a t  p r e s s u r e  s o l u t i o n  b e g an  a t  
a b u r i a l  dep th  of 300 m in  Mesozoic s t r a t a  of t h e  A q u i t a in e  
B as in .
D i a g e n e t i c  f r a c t u r i n g  and f a b r i c s  mimicking p r e s s u r e  
s o l u t i o n  have been d e s c r i b e d  in  P l e i s t o c e n e  c a rb o n a te  s t r a t a  
t h a t  have been b u r i e d  l e s s  th a n  15 m and a l t e r e d  p r i m a r i l y  
by m e te o r i c  w a te r s  (Matthews, 1967) .  In  Q u a te rn a ry  s t r a t a  
on Enewetak (0 -  80 m) , f r a c t u r e d  g r a i n s  a r e  r a r e  and f a b r i c s  
r e s e m b l i n g  p r e s s u r e - s o l u t i o n  c o n t a c t s  w e re  n o t  o b se rv e d  
a t  a l l .  At 610 m, d i a g e n e t i c  f r a c t u r i n g  i n  u n c em en ted  
g r a i n s t o n e s  i s  r a r e ,  a f f e c t i n g  on ly  t h e  most  f r a g i l e  g r a i n s  
and s u g g e s t i n g  t h a t  compact i o n - r e l a t e d  f r a c t u r i n g  i s  j u s t  
s t a r t i n g  a t  610 m. T h e r e fo r e ,  o b s e r v a t i o n s  from Enewetak 
su g g e s t  t h a t  n e a r s u r f a c e  (m e teo r ic )  f a b r i c s  mimicking p r e s s u r e  
s o l u t i o n  and c o m p a c t i o n - f r a c t u r i n g  o f  c a r b o n a t e  g r a i n s  
(Matthews, 1967) a r e  t h e  e x c e p t io n  r a t h e r  th a n  t h e  r u l e .
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S e v e r a l  o r i g i n s  hav e  b e e n  p r e v i o u s l y  s u g g e s t e d  f o r  
Enewetak  and  o t h e r  P a c i f i c  a t o l l  d o l o m i t e s .  S c h l a n g e r  
(1957) no ted  t h a t  c o r a l l i n e  a lg a e  a r e  p r e f e r e n t i a l l y  d o lo m i t iz e d  
in  Eocene s t r a t a  of Enewetak and concluded  t h a t  d o l o m i t i z a t i o n  
was t h e  r e s u l t  o f  a c r y s t a l l o g r a p h i c  r e - o r d e r i n g  of  
h i g h - m a g n e s i a n  a l g a l  c a l c i t e .  Using  s t a b l e  c a r b o n  and 
oxygen  i s o t o p e  d a t a ,  B e r n e r  (1965) and G r o s s  and Tracey 
(196 6) conc luded  t h a t  h y p e r s a l i n e  w a te r s  d o lo m i t i z e d  p a r t s  
o f  t h e  F u n a f u n t i ,  K i t a - d a i t o - j i m a ,  and Enewetak  a t o l l s .  
Sch langer  (1963) a rg u e s  t h a t  F u n a f u t i  and Enewetak d o lo m i te s  
a r e  p e t r o g r a p h i c a l l y  d i f f e r e n t  and t h e r e f o r e  p ro b ab ly  have 
d i f f e r e n t  o r i g i n s .  More r e c e n t l y ,  i t  has  been su g g e s te d  
t h a t  d o l o m i t e s  i n  t h e  C o l e t t e  and  N iue  a t o l l s  formed in  
s u b s u r f a c e  mixing zones  where f r e s h - w a t e r  l e n s e s  meet m arine  
w a te r  ( R e p e l l i n ,  1977; Rodgers e t  a l . ,  1982; r e s p e c t i v e l y ) .  
These  p r e v i o u s l y  p u b l i s h e d  models f o r  a t o l l  d o l o m i t i z a t i o n  
a r e  n o t  c o m p a t i b l e  w i t h  t h e  p e t r o g r a p h i c  and geochemical  
c h a r a c t e r i s t i c s  o f  t h e  deep Enewetak d o lo m i t e s .  Evidence 
c o n s i s t e n t l y  i n d i c a t e s  t h a t  t h e  d e ep  Enewetak  d o lo m i t e s  
p r e c i p i t a t e d  from c o l d ,  no rm al  m a r in e  w a te r s  p e r c o l a t i n g  
th rough  t h e  a t o l l  a t  b u r i a l  d e p th s  of  over  900 m.
D o lo m i t e  h a s  b e e n  i d e n t i f i e d  i n  s a m p le s  f rom  Lower
Miocene s t r a t a  ( co re s  3 and 6) and Upper Eocene s t r a t a
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( co re s  11 -  15) o f  t h e  F - l  w e l l  and c o r e  3 (1,243 -  1,250 
m) in  t h e  E - l  w e l l  ( F i g .  4 ;  S c h l a n g e r ,  1963 ;  V i d e t i c h ,  
1982) . In  c o r e s  3 (375 -  380 m) and 6 (811 -  819 m) of  
t h e  F - l  w e l l ,  d o lo m i te  i s  p r e s e n t  i n  such sm a l l  q u a n t i t i e s  
t h a t  i t  i s  e x t r e m e l y  d i f f i c u l t  t o  f i n d .  The d o lo m i te  in  
Lower Miocene s t r a t a  of t h e  F - l  w e l l  i s  g e n e r a l l y  a s s o c i a t e d  
w i th  r a d i a x i a l  cements .  Because i t  i s  v o l u m e t r i c a l l y  i n s i g ­
n i f i c a n t  and p e t r o g r a p h i c a l l y  q u i t e  d i s t i n c t  from t h e  deeper  
d o l o m i t e ,  t h e  d o l o m i t e  i n  Lower Miocene  s t r a t a  w i l l  be 
d i s c u s s e d  in  a s e p a r a t e  s e c t i o n .  In  c o re s  13 -  15 of t h e  
F - l  w e l l  (1,343 -  1 ,388  m) , d o lo m i te  can be found in  most 
s a m p l e s ,  b u t  p o i n t  c o u n t s  c o n s i s t e n t l y  i n d i c a t e  t h a t  t h e  
d o lom i te  com pr ises  l e s s  t h a n  1% of  any g iv en  sample .  V o lum etr i ­
c a l l y  s i g n i f i c a n t  q u a n t i t i e s  o f  d o l o m i t e  a r e  p r e s e n t  in  
c o re s  11 and 12 of  t h e  F - l  w e l l  (1 ,279  -  1 ,323 m) and c o re  
3 o f  t h e  E - l  w e l l  ( 1 ,2 4 3  -  1 ,250 m) . Bulk samples from 
c o re  11 of t h e  F - l  w e l l  (1 ,279 -  1 ,287) c o n ta in  up t o  10% 
do lom i te  (S ch lan g e r ,  1 963) .  Core 12 of t h e  F - l  w e l l  (1 ,315
-  1 , 3 2 3  m) c o n t a i n s  s a m p le s  w i t h  up t o  99% d o l o m i t e s .  
Bulk s a m p le s  f rom c o r e  3 o f  t h e  E - l  w e l l  (1,243 -  1 ,250 
m) c o n ta in  up t o  15% d o lo m i te  (S c h lan g e r ,  1963) .
P e t r o lo g y  of t h e  Deep Enewetak Dolomite
Enewetak d o lo m i te  in  t h e  Upper Eocene s t r a t a  a t  1,243
-  1 ,2 5 0  m i n  t h e  E - l  w e l l  i s  ve ry  s i m i l a r  t o  d o lo m i te  a t  
1 ,279 -  1 ,388  m in  t h e  F - l  w e l l .  Those deep Enewetak d o lo m i te s
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c o n s i s t  o f  0 .1  -  0 .2  mm rhombs w i t h  c lo u d y  c e n t e r s  and 
c l e a r  r ims (F ig .  6 0 a ) .  Dolomite  c o n c e n t r a t i o n  v a r i e s  from 
a l m o s t  100% b e tw e e n  1 ,3 1 6  and 1 ,3 1 8  m in  c o re  12 of t h e  
F - l  w e l l  t o  a p p ro x im a te ly  5% in  c o re  11 (ab o ve ) ,  and l e s s  
t h a n  1% in  c o r e  13 (below) . When s p a r s e  and s c a t t e r e d ,  
t h e  d o lo m i t e  rhombs a r e  g e n e r a l l y  e u h e d r a l ,  p r e f e r e n t i a l l y  
n u c l e a t i n g  on c o r a l l i n e  a l g a e  (F ig .  50e;  S c h la n g e r ,  1957 , 
1963) . When do lo m i te  i s  more abundan t ,  i t  c o m ple te ly  r e p l a c e s  
o t h e r  o r i g i n a l l y  c a l c i t i c  f o s s i l s  a s  w e l l  a s  c o r a l l i n e  
a l g a e  ( F i g s .  60 e & f ) . C o n c e n t r a t e d  d o l o m i t e  c r y s t a l s  
a r e  o f t e n  s u b h e d r a l  t o  a n h e d r a l  w i t h  i n t e r f e r i n g  bound­
a r i e s .  D o lo m i t e  rhombs a lw a y s  n u c l e a t e  on g r a i n s  o r  in  
mud, b u t  they  o f t e n  grow o u t  i n t o  open p o re  sp a ce .  P a r t i a l  
d e l i c a t e  d i s s o l u t i o n  o f  c a l c i t e  b i o c l a s t s  i s  obse rved  in  
more i n t e n s e l y  d o l o m i t i z e d  i n t e r v a l s  (1 ,315 -  1,323 m in 
t h e  F - l  w e l l ;  1,243 -  1 ,250 m in  t h e  E - l  w e l l ;  F ig .  60d ) .  
The most d o l o m i t e - r i c h  i n t e r v a l  of  t h e  F - l  w e l l  (1 ,3 1 6 -1 ,3 1 8  
m) i s  a t  t h e  b a s e  o f  a p o r o u s  and  p e r m e a b l e  c o r a l l i n e  
a l g a e / r o t a l i n e  foram g r a i n s t o n e .  In  t h e  F - l  w e l l ,  s t r a t a  
below 1318 m ten d  t o  be muddier  and l e s s  pe rm eable  (Swartz ,  
1962; S c h la n g e r ,  1963) .
In  E - l  c o r e  3 ( 1 ,2 4 3  -  1 ,2 5 0  m ) , rhom bic  d o l o m i t e
c r y s t a l s  commonly r e p l a c e  o r i g i n a l  d e p o s i t i o n a l  g r a i n s  
and grow in  open v o id s  a t  t h e  t e r m i n a t i o n s  of  b laded  cements 
( F i g .  60) . Many o f  t h e  b l a d e d  c em en ts  in  c o re  3 of th e  
E - l  w e l l  p r e c i p i t a t e d  a f t e r  a r a g o n i t e  d i s s o l u t i o n .  T h e r e fo r e ,  
t h e  d o l o m i t e  i n  E - l  c o r e  3 ( 1 ,2 4 3  -  1 ,2 5 0  m) m ust  have
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F i g u r e  6 0 .
Dolomite  in  Upper Eocene s t r a t a  of Enewetak A t o l l .
(a) Almost 100% d o lo m i t e .  Note i n t e r f e r i n g  growth of d o lom i te  
c r y s t a l s  w i th  c loudy c e n t e r s  and c l e a r  r ims {core 12,  1 ,318  
m, F - l  w e l l ) .  Bar s c a l e  a t  lo w e r  l e f t  e q u a l s  0 . 1  mm. 
Crossed n i c o l s .
(b) D o lo m i t e  rhomb (D) o v e r g r o w in g  compaction  f r a c t u r i n g  
(F) i n  r o t a l i n e  f o r a m i n i f e r a  (R) ( c o r e  11, 1 ,284 m, F - l  
w e l l ) .  Bar s c a l e  a t  l o w e r  l e f t  e q u a l s  0 . 1  mm. C r o s s e d  
n i c o l s .
(c) Dolomite  rhomb (D) a t  t e rm in u s  of  c o a r s e  b laded  c a l c i t e
c e m e n ts  (C) ( c o r e  3 ,  1 ,2 4 3  m, E - l  w e l l ) .  Bar s c a l e  a t
lower l e f t  e q u a l s  0 .1  mm. Crossed  n i c o l s .
(d) P a r t i a l l y  d i s s o l v e d  r o t a l i n e  f o r a m i n i f e r a  (R) (co re  
3 ,  1 ,2 4 4  m, E - l  w e l l ) .  Bar s c a l e  a t  l o w e r  l e f t  e q u a l s
0 .1  mm. Crossed n i c o l s .
(e) C le a r  d o lo m i te  s e l e c t i v e l y  r e p l a c i n g  t h e  o u t e r  p o r t i o n s  
o f  c a l c i t i c  m o l lu sc  (M) (co re  3 ,  1 ,245 m, E - l  w e l l ) .  Bar 
s c a l e  a t  lower l e f t  e q u a l s  0 .1  mm.
( f )  F a b r i c  s e l e c t i v e  d o l o m i t i z a t i o n  (D) of  m o l lu sc s  (co re  
3 ,  1 , 2 4 4  m, E - l  w e l l ) .  Bar s c a l e  a t  lo w e r  l e f t  e q u a l s
0 .5  mm. Crossed  n i c o l s .  S l i d e  s t a i n e d  w i th  A l i z a r in - R e d - S ,  
d a rk e r  m a t e r i a l  i s  c a l c i t e .
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fo rm ed  l a t e ,  a f t e r  a r a g o n i t e  d i s s o l u t i o n  and p r e c i p i t a t i o n  
of  b laded  cements .
In  c o r e s  11 and 12 o f  t h e  F - l  w e l l  ( 1 ,2 7 9  -  1 ,3 2 3  
m ) , d o l o m i t e  rhombs a r e  o b s e r v e d  o v e r g r o w in g  com pac t ion  
f r a c t u r e s  i n  g r a i n s ;  h o w e v e r ,  d o l o m i t e  rhombs a r e  never  
o b s e r v e d  b e i n g  c o m p a c ted  t h e m s e l v e s ,  i n d i c a t i n g  t h a t  t h e  
deep  d o l o m i t e  fo rm ed  a f t e r  compaction of  r i g i d  g r a i n s  in  
t h e  F - l  w e l l  ( F i g .  6 0 b ) .  S i g n i f i c a n t  c o m p a c t io n  b e g in s  
a t  a p p ro x im a te ly  610 m in  t h e  E - l  and F - l  w e l l s  (see  Compaction 
s e c t i o n ) . The d o l o m i t i c  Eocene s t r a t a  would n o t  have been 
b u r i e d  by 610 m of sed im en t  u n t i l  E a r ly  Miocene t ime (F ig .  4) . 
T h e r e fo r e ,  p e t r o g r a p h i c  r e l a t i o n s h i p s  s u g g e s t  deep Enewetak 
d o l o m i t i z a t i o n  s t a r t e d  sometime between E a r ly  Miocene and 
t h e  p r e s e n t  a t  b u r i a l  d e p th s  of more th a n  600 m.
Elementa l  Geochemistry
B e ca u se  t h e  o r i g i n  o f  d o l o m i t e  i n  m os t  s e d i m e n t a r y  
ro c k s  i s  p o o r ly  u n d e rs to o d ,  geochemical  a n a l y s e s  a r e  o f t e n  
u se d  t o  p ro v id e  a d d i t i o n a l  c o n s t r a i n t s  on p o s s i b l e  o r i g i n s  
o f  d o l o m i t e .  G eo ch e m ic a l  a n a l y s e s  o f  d o l o m i t e  commonly 
c h a r a c t e r i z e  t h e  c a l c i u m - m a g n e s i u m  s t o i c h i o m e t r y ,  
c a lc iu m - m a g n e s iu m  o r d e r i n g ,  t r a c e  e l e m e n t  c o n c e n t r a t i o n s  
( i n c l u d i n g  s t r o n t i u m ,  so d iu m ,  m an g a n ese ,  and i r o n ) ,  and 
s t a b l e  carbon  and oxygen i s o t o p e  c o m p o s i t io n s .  In  a d d i t i o n ,  
t h i s  s t u d y  e x am in e s  t h e  c om pos i t ion  of  s t r o n t iu m  i s o t o p e s  
i n  Enewetak d o lo m i t e s .
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D o l o m i t e s  in  c o r e s  11 -  15 (1 ,279 -  1 ,388  m) of th e  
F - l  w e l l  (1 ,243  -  1 ,250  m) and in  c o re  3 of t h e  E - l  w e l l  
w e re  a n a l y z e d  w i t h  t h e  e l e c t r o n  m i c r o p r o b e  f o r  c a lc ium ,  
m agnes ium ,  and s t r o n t i u m .  T h ree  samples were t a k e n  from 
t h e  most d o l o m i t e - r i c h  i n t e r v a l  of c o re  12 in  t h e  F - l  w e l l  
(1 ,316 -  1 ,318  m) f o r  d e t a i l e d  geochemical  a n a l y s e s .  S p l i t s  
of  a l l  t h r e e  samples  were  l e a c h e d  w i th  0 .2  13 HC1 t o  remove 
c a l c i t e .  Sam ples  w e re  X - r a y e d  b e f o r e  and a f t e r  l e a c h in g  
bu t  no peak s h i f t s  were d i s c e r n a b l e  i n d i c a t i n g  t h a t  l e a c h in g  
h a s  n o t  c han g ed  t h e  c o m p o s i t i o n  of  t h e  do lo m i te  m in e r a l s  
( F i g .  6 1 ) .  The t h r e e  l e a c h e d  s a m p le s  (F -1 2 -5 A ,  F -1 2 -7 ,  
F-12-10) were an a ly ze d  f o r  s t a b l e  carbon  and oxygen i s o t o p e s ,  
s t r o n t i u m  i s o t o p e s ,  and s e l e c t e d  t r a c e  e le m e n ts .  S im i la r  
a n a l y s e s  w e re  p e r f o r m e d  on one  un leach ed  d o lo m i te  sample 
(F -12-5B )  which  c o n t a i n e d  l e s s  t h a n  2% c a l c i t e .  R e s u l t s  
of  geochemical  a n a l y s e s  a r e  t a b u l a t e d  in  Tab le  9 . P re v io u s  
e l e m e n t a l  s t u d i e s  o f  t h e s e  d o l o m i t e s  a r e  sum m ar ized  i n  
S c h la n g e r  (1963) ,  Graf  and Goldsmith  (1963) ,  and Goldsmith  
and G r a f  ( 1 9 5 8 ) .  M ic r o p ro b e  d a t a  f o r  d o lo m i te s  in  c o re s  
11 -  15 ( 1 , 2 7 9  -  1 , 3 8 8  m) of  t h e  F - l  w e l l  and c o r e  3 of 
t h e  E - l  w e l l  (1 ,2 4 3  -  1 ,2 5 0  m) a r e  sum m ar ized  i n  T a b le  
1 0 .  M ic r o p ro b e  c o n c e n t r a t i o n s  f o r  c a lc ium ,  magnesium and 
s t r o n t iu m  a r e  s i m i l a r  t o  v a l u e s  o b t a i n e d  from atomic  a b s o r p t i o n  
s p e c t ro p h o to m e t ry .
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F ig u r e  61.
X - ra y  d i f f r a c t i o n  o f  d o l o m i t e s .  Note t h a t  l e a c h i n g  o f  
c a l c i t e  w i th  0 .5  U HC1 caused  no i d e n t i f i a b l e  peak s h i f t .  
(321) and  (333) p e a k s  o f  Enewetak  d o l o m i t e  ( c o r e  12 of 
t h e  F - l  w e l l )  a r e  r e l a t i v e l y  s h a r p  i n d i c a t i n g  r e l a t i v e l y  
good o r d e r i n g .  GFS-400 (Woodvil le ,  Ohio) i s  a commercial 
r e f e r e n c e  d o lo m i te ,  o b t a i n e d  from G. Fed e r ic k  Smith Chemical 
Company.
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X-RAY DIFFRACTION OF ENEWETAK DOLOMITE
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TABLE 9 GEOCHEMISTRY OF ENEWETAK DOLOMITE
Atomic A bsorption  Spectrophotom etry* M icroprobe**
Weight I  PPM Weight % Mole S 5 Mole %
Sample
Number Ca Mg Sr Fe Hn Na co3+ Total CaC03 MgCOj CaC03 MgC03 13 +t 6 C
in
6 0 8 ,Sr/“ sr“
F-12-5A 23.4 11.2 171 36 19 371 62 .8 97.5 56.0 44.0 57.3 42.7 2 .3 2.7 0.70892
F-12-5B 24.1 11.0 170 33 19 375 63.3 98.5 2 .3 2.6 0.70883
F-12-7 24.4 11.3 184 16 22 332 64.5 100.3 56.8 43.2 57.0 43.0 2.4 2.1 0.70865
F-12-10 23.4 11.2 165 57 22 294 62 .8 97.5 55.9 44.1 56.9 43.1 2 .2 2.6 0.70901
* Atomic a b so rp tio n  spectropho tom etry  perform ed on a V arian 475 AA.
+ Weight % C03 c a lc u la te d  by s to ic h io m e try .
s Mole 2 CaCG3 and MgC03 a re  c a lc u la te d  so th a t  mole 2 CaC03 + MgC03 = 100 2.
** A nalyses perform ed on an ARL-EMX e le c tro n  m icroprobe.
++ S ta b le  is o to p ic  an a ly ses  by C oastal S cience L a b o ra to r ie s , A u s tin , Texas. R esu lts  a re  in  p a r ts  p e r  mil (° /o o )  
r e l a t i v e  to  th e  PDB s tan d a rd . E rro r  (2a) i s  e s tim a ted  a t  + 0 .2  ° /o o . Oxygen values have been c o rre c te d  by -0 .8  ° /o o  
to  accoun t f o r  th e  d if fe re n c e  in  f r a c t io n a t io n  between c a l c i t e  and dolom ite r e a c t in g  w ith  phosphoric  a c id  a t  25° C.
5§ S tron tium  se p a ra tio n s  by Paul Pushkar, W right S ta te  U n iv e rs ity  and mass spec trom etry  by Mobil Research and 
Development C o rp ., D a llas Research D iv is io n . Values a re  based on a r a t i o  o f  0.71014 fo r  s tan d ard  SrCOj (NBS SRM 987). 
E rro r  (2a) i s  + 0.00004-0.00006. 264
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TABLE 10  
MAGNESIUM AND STRONTIUM CONCENTRATIONS 
IN ENEWETAK DOLOMITE 
AS DETERMINED BY ELECTRON MICROPROBE
F-l Well
Number of 
Samples
Mean 
Wt. % Mg 
(± la)
Mean 
Wt. % Sr 
(± la)
Core 3
(375 - 330 m) 1 1 . 0 2 0 . 0 2 1
Core 11 
(1279 - 1287m) 10.93 ± 0.22 0.016 ± 0.004
Core 12 
(1315 - 1323m) 11.34 ± 0.22 0.018 ± 0.006
Core 15 
(1380 - 1388m) 11.58 0.017
E-l Well
Core 3
(1243 - 1250m) 1 1 . 0 1  ± 0 . 2 0  0 . 0 2 0  ± 0 . 0 0 4
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Calcium and Magnesium
Calcium and magnesium d a t a  i n d i c a t e  t h a t  t h e  Enewetak 
d o l o m i t e s  a r e  c a l c i u m - r i c h  (T ab les  9 and 1 0 ) .  Microprobe 
a n a l y s e s  o f  d o l o m i t e s  c o n s i s t e n t l y  y i e l d  42 -  43 mole % 
MgCC>3 and 57 -  58 mole % CaCC>3 (Table  10) . Atomic a b s o r p t i o n  
a n a l y s e s  show 43 -  44 mole % MgC03 in  t h e s e  d o lo m i te s  (Table 
9 ) .  Graf and Goldsmith  (196 3) an a ly ze d  t h e s e  same d o lo m i tes  
w i t h  X - ra y  d i f f r a c t i o n  and  c o n c l u d e d  t h a t  t h e y  have  44 
-  45 mole % MgC03  (55 -  56 mole % CaC0 3 ) . Excess calc ium 
i s  t y p i c a l  o f  l o w - t e m p e r a t u r e  d o lo m i te s  found in  Cenozoic 
s e d i m e n t a r y  ro ck s  and i s  common i n  many a n c i e n t  d o lo m i tes  
(G o ld s m i th  and G r a f ,  19 58 ;  Lumsden and Chimahusky, 1980; 
Land ,  1973a)  . These  Enewetak  d o lo m i t e s  show moderate  t o  
good o r d e r i n g  peaks  w i th  X-ray d i f f r a c t i o n  (F ig .  61; Goldsmith  
and G r a f ,  1 9 5 8 ) .  M ic r o p ro b e  a n a l y s e s  show t h a t  c a l c i t e  
i n c l u s i o n s  a r e  common in  most  Enewetak d o l o m i t e s ,  e s p e c i a l l y  
in  c loudy c o re s  o f  d o lo m i te  c r y s t a l s .
S t ron t ium
The mean s t r o n t iu m  v a l u e s  o b t a i n e d  from a tom ic  a b s o r p t i o n  
a r e  e s s e n t i a l l y  t h e  same a s  t h e  mean m ic r o p r o b e  v a lu e s .  
The deep Enewetak d o lo m i te  sam ples  a n a ly ze d  by a tomic a b s o r p t i o n  
c o n t a i n  be tween  165 and 184 ppm s t r o n t iu m  (Table  9) which 
i s  s i m i l a r  t o  s t r o n t i u m  c o n c e n t r a t i o n s  of  many o t h e r  l a t e  
Cenozoic d o lo m i te s  (Table  1 1 ) .
TABLE 11 : GEOCHEMISTRY OF SELECTED LATE CENOZOIC DOLOMITES
Mean Mean
Mole % Mean Sr .13 6 C 6 0 Proposed
Location MgC03 (ppm) (o/oo, PDB) (o/oo, PDB) Origin
Enewetak (This study) 43 170 2.3 2.5C Cold Marine
Enewetak (Gross & Tracey, 1966) - - 1.7 2.0° Hypersaline
Pacific Atolls (Berner, 1965) - - 3.1 4.3° Hypersaline
Plantagenet Bank (Gross, 1965) 43 - 2.6 4.2U Hypersaline
Jamaica-Falmouth (Land, 1973b) 44 3000 -8.4 - i . o u Mixed Water
Jamaica-Hope Gate (Land, 1973a) 42 220 1.2 2.2U Mixed Water
Mediterranean (Fontes and Desforges $
1975) 46 - 3.6 5.2 Cold Marine
San Salvador (Supko, 1977) 46 170 1.8 2.1C Unknown
Colette Atoll (Repellin, 1977) 45 170 4.0 4.0U Mixed Water
Bonaire (Sibley, 1980; Land, 1973a) - 210 2.4 3.1U Mixed Water
Israel (Magaritz et al., 1980) - - -9.6 -1.3° Mixed Water
Yucatan (Ward, 1982) 42 - 2.0 1.7U Mixed Water
c = Corrected by -0.8 o/oo for difference in fractionation between dolomite and calcite
(Sharma and Clayton, 1965)
u = Uncorrected for difference in fractionation between dolomite and calcite reacting with 
phosphoric acid
Note: Where true mean values were not available, above values represent mid-points of reported 
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The d i s t r i b u t i o n  c o e f f i c e n t  f o r  s t r o n t iu m  in  do lo m i te  
i s  s t i l l  b e i n g  d e b a t e d  (Land,  1 9 8 0 ) .  B e h r e n s  and Land 
(1972) rea so ned  t h a t  t h e  s t r o n t iu m  d i s t r i b u t i o n  c o e f f i c i e n t  
f o r  d o lo m i te  shou ld  be a p p ro x im a te ly  o n e - h a l f  t h e  s t r o n t iu m  
d i s t r i b u t i o n  f o r  c a l c i t e .  E x p e r i m e n t s  by J a c o b s o n  and 
Usdowski (1976) a l s o  i n d i c a t e  a 2 :1  r a t i o  f o r  t h e  s t r o n t iu m  
d i s t r i b u t i o n  c o e f f i c i e n t  in  c a l c i t e  r e l a t i v e  t o  c o - p r e c i p i t a t e d  
d o l o m i t e .  U n f o r t u n a t e l y ,  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  
f o r  s t r o n t i u m  in  c a l c i t e  i s  v a r i a b l e  (Kinsman, 1969; Katz 
e t  a l . ,  1972 ;  J a co b so n  and Usdowski, 1976; L orens ,  1981) .  
I t  i s  p ro b a b ly  n o t  c o i n c i d e n t a l  t h a t  s t r o n t iu m  c o n c e n t r a t i o n s  
i n  Enewetak  d o l o m i t e s  (mean = 170 ppm) a r e  ap p ro x im a te ly  
o n e - h a l f  o f  t h e  mean s t r o n t iu m  c o n c e n t r a t i o n  of r a d i a x i a l  
cements (330 ppm). I f  r a d i a x i a l  cements a r e  indeed  m ar ine  
in  o r i g i n ,  t h e  s t r o n t iu m  c o n c e n t r a t i o n  in  Enewetak d o lo m i te s  
s u g g e s t s  t h a t  t h e y  a r e  a l s o  m a r i n e  i n  o r i g i n .  Katz and 
M a t t h e w ' s  (1977) d i s t r i b u t i o n  c o e f f i c i e n t  f o r  s t r o n t i u m  
i n  d o l o m i t e  (0 .0 2 5 )  p r e d i c t s  a s t r o n t i u m  c o n c e n t r a t i o n  
o f  220 ppm f o r  d o lo m i te  p r e c i p i t a t e d  from s e a w a te r .  That 
s t r o n t i u m  c o n c e n t r a t i o n  i s  rou g h ly  s i m i l a r  t o  t h e  Enewetak 
d o l o m i t e s .  The Enewetak d o lo m i t e s  might  be s l i g h t l y  lower 
i n  s t r o n t i u m  th a n  t h e o r e t i c a l  m ar ine  d o lo m i te  because  they  
may have  b e en  p r e c i p i t a t e d  s lo w ly  in  c o ld  m ar ine  w a t e r s .  
E x p e r i m e n t s  by J a c o b s o n  and  Usdowski (1976) s u g g e s t  t h a t  
t h e  d i s t r i b u t i o n  c o e f f i c i e n t  o f  s t r o n t iu m  in  d o lo m i te  d e c r e a s e s  
w i th  r a t e  of d o lo m i te  p r e c i p i t a t i o n .
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I r o n ,  Manganese, and Sodium
I r o n  c o n c e n t r a t i o n s  i n  t h e  d e ep  Enewetak  d o l o m i t e s  
(16 -  57 ppm) a r e  low r e l a t i v e  t o  most  Cenozoic and o l d e r  
d o lo m i te s  (Table 9? Weber 19 64 ) .  However, they  a r e  s i m i l a r  
t o  i r o n  v a lu e s  p r e d i c t e d  by V e ize r  (1983) f o r  m ar ine  d o lo m i t e s .  
The low i r o n  c o n c e n t r a t i o n s  in  Enewetak d o lo m i te s  p rob ab ly  
r e f l e c t  p r e c i p i t a t i o n  from w e l l - o x y g e n a te d ,  i r o n - p o o r  w a t e r s .
Manganese c o n c e n t r a t i o n s  i n  Enewetak  d o l o m i t e s  a r e  
a l s o  low r e l a t i v e  t o  a n c i e n t  d o lo m i te s  (19 -  22 ppm; Table  
9; M at tes  and Mountjoy,  1980) .  These v a lu e s  a r e  s i g n i f i c a n t l y  
h i g h e r  t h a t  m anganese  c o n c e n t r a t i o n s  p r e d i c t e d  by V e ize r  
(1983) f o r  m ar ine  d o lo m i te .  However, manganese c o n c e n t r a t i o n s  
i n  Enewetak  d o lo m i te s  a r e  w e l l  w i t h i n  t h e  range  of modern 
( m a r i n e )  c a r b o n a t e  s e d i m e n t s  ( S t e h l i  and Hower, 1961) , 
s u g g e s t i n g  t h a t  m a r i n e  s e d i m e n t s  a r e  p a r t l y  t h e  s o u r c e  
o f  m an g an ese  i n  Enewetak d o l o m i t e s .  These d o lo m i te s  have 
r o u g h l y  t w i c e  a s  much manganese a s  r a d i a x i a l  cements  from 
th e  Lower Miocene of t h e  F - l  w e l l  (Tab les  4 and 9) , s u g g e s t in g  
t h a t  m anganese  i s  p r e f e r e n t i a l l y  i n c o r p o r a t e d  i n t o  t h e  
magnesium l a t t i c e  s i t e s  o f  d o l o m i t e s .  S i m i l a r l y ,  Mat tes  
and Mountjoy (1980) found tw ice  a s  much manganese in  d o lom i te  
a s  i n  c o e x i s t i n g  c a l c i t e s  in  t h e  Devonian M ie t t e  b u i ld u p .  
The low m anganese  c o n c e n t r a t i o n s  o f  Enewetak  d o l o m i t e s  
i n d i c a t e  d o lo m i te  fo r m a t io n  i n  w e l l - o x y g e n a t e d ,  manganese-poor 
env iron m en ts .
Brand  and  V e i z e r  (1980) and  V e i z e r  (1983) c o r r e l a t e
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manganese c o n c e n t r a t i o n  w i th  i n t e n s i t y  of d i a g e n e t i c  a l t e r a t i o n  
and openness  of  t h e  c a r b o n a t e  d i a g e n e t i c  system and i n v e r s e l y  
c o r r e l a t e  manganese w i th  s t r o n t i u m  c o n c e n t r a t i o n .  In  c o n t r a s t ,  
t h e  deep Enewetak d o lo m i t e s  have low manganese c o n c e n t r a t i o n s  
y e t  d i s p l a y  i n t e n s e  d i a g e n e t i c  a l t e r a t i o n  in  what  i s ,  and 
p r o b a b l y  w as ,  a r e l a t i v e l y  open  s y s t e m .  The o c c u r re n c e  
o f  low s t r o n t i u m  c o n c e n t r a t i o n s  a long  w i th  low manganese 
c o n c e n t r a t i o n s  i s  a l s o  in  c o n t r a s t  w i th  t h e  sys tems s t u d i e d  
by Brand and v e i z e r  (1980) .  In  s h o r t ,  t h e  Enewetak system 
s u g g e s t s  t h a t  r e l a t i o n s h i p s  between d i a g e n e t i c  a l t e r a t i o n ,  
m a n g a n e s e  c o n c e n t r a t i o n s ,  and s t r o n t i u m  c o n c e n t r a t i o n s  
a r e  more complex t h a n  a s s e r t e d  by Brand and V e iz e r  (1980).
Sodium c o n c e n t r a t i o n s  i n  t h e  deep Enewetak d o lo m i te s  
(290 -  375 ppm) a r e  much lower th a n  r e p o r t e d  in  Holocene 
m arine  d o lo m i te s  (1 ,010 -  3 ,050 ppm; Land and Hoops, 1973) ,  
b u t  s i m i l a r  t o  a n c i e n t  d o lo m i te s  an a ly ze d  by Weber (1964; 
109 -  573 ppm Na) . The u s e  o f  sodium in  d o lo m i te s  a s  a 
p a l e o s a l i n i t y  i n d i c a t o r  h a s  b e en  d i s c u s s e d  by F r i t z  and 
Katz (1972) ,  Land and Hoops (1973) ,  and V e iz e r  e t  a l .  (1978) .  
The sodium c o n c e n t r a t i o n  of  Enewetak d o lo m i te s  a r e  s i m i l a r  
t o  sodium c o n c e n t r a t i o n s  p r e d i c t e d  by V e iz e r  e t  a l .  (1978) 
f o r  d o l o m i t e  p r e c i p i t a t e d  f rom  w a te r s  w i th  normal m arine  
s a l i n i t i e s .
S t a b l e  Carbon and Oxygen I s o t o p e s
Because d o lo m i te  h a s  n o t  been e x p e r i m e n t a l l y  s y n t h e s i z e d
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a t  s u r f a c e  t e m p e r a t u r e s ,  t h e  i s o t o p i c  f r a c t i o n a t i o n  o f  
oxygen between d o lo m i te  and n e a r s u r f a c e  w a te r s  i s  n o t  p r e c i s e l y  
known. E x t r a p o l a t i o n  o f  h i g h  t e m p e r a t u r e  e x p e r i m e n t a l  
d a t a  (300 -  600°C) s u g g e s t s  t h a t  do lo m i te  formed a t  25°C 
shou ld  be e n r i c h e d  in  6 by 3 -  7 o /oo  r e l a t i v e  t o  c a l c i t e  
( O 'N e i l  and E p s t e i n ,  1966 ;  N o r t h r o p  and C l a y t o n ,  1966 ;  
S h e p p a rd  and S c h w a r c z ,  197 0 ;  Hazma and B r o e c k e r ,  1974) .  
S e v e r a l  s t u d i e s  o f  c o - e x i s t i n g  c a l c i t e s  and d o lo m i te s  in  
n a t u r e  s u g g e s t  an  e n r i c h m e n t  o f  s ^ 80 in  d o lom i te  of 3 -  
5 o /oo  r e l a t i v e  t o  c a l c i t e  (Degens and E p s t e i n ,  1964; C lay ton  
e t  a l . ,  1968; F r i t z  and Smith ,  1970; Aharon e t  a l . ,  1977) .
R e s u l t s  of  s t a b l e  i s o t o p e  a n a l y s e s  on Enewetak do lo m i te  
s a m p le s  a r e  shown i n  T ab le  9 .  In  t h i s  s tu d y ,  t h e  s t a b l e  
c a r b o n  and ox ygen  i s o t o p e  c o m p o s i t i o n s  o f  d eep  Enewetak 
d o l o m i t e s  show a c l o s e  and c o n s i s t e n t  c l u s t e r i n g  (F ig .  62; 
Table  9 ) .  The mean v a lu e  of 2 .3  o /oo  (PDB) i s  t y p i c a l
o f  m a r i n e  c a l c i t e  c e m e n t s  (Hudson,  1 9 7 7 ) .  These carbon  
i s o t o p e s  s u g g e s t  t h a t  c a r b o n a t e  o f  a m a r i n e  o r i g i n  was 
d o m in a n t  and  t h a t  i s o t o p i c a l l y  l i g h t  c a r b o n  a s s o c i a t e d  
w i th  s o i l - g a s  and o r g a n i c  m a t t e r  was n o t  inv o lv e d  i n  d o lo m i t ­
i z a t i o n  (Gross,  1964) . The ca rbon  i s o t o p e  v a lu e s  f o r  t h e s e  
d o lo m i te s  a r e  s l i g h t l y  h ig h e r  th a n  th o s e  of r a d i a x i a l  cements 
i n  Lower Miocene s t r a t a  of t h e  F - l  w e l l  and Upper Eocene 
b laded  cements of  t h e  E - l  w e l l  (1,243 -  1 ,250 m).
The mean v a l u e  f o r  t h e  deep Enewetak d o lo m i te s
i s  2 .5  o/oo  (PDB; c o r r e c t e d  by - 0 . 8  o /oo  f o r  t h e  d i f f e r e n c e  
i n  f r a c t i o n a t i o n  between c a l c i t e  and d o lo m i te  in  p h o sp h o r ic
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F ig u re  62.
S t a b le  i s o t o p e  c om pos i t ion  of  4 do lo m i te  samples  from c o re  
12 (1 ,315 -  1 ,323 m) of  t h e  F - l  w e l l .  Ana lyses  by C o a s ta l  
Sc ience  L a b o r a t o r i e s  (A us t in ,  T e x a s ) .  6-^C and 6 180 v a lu e s  
a r e  i n  p a r t s  p e r  m i l  r e l a t i v e  t o  PDB. 6^®o v a lu e s  have 
been c o r r e c t e d  by - 0 . 8  o /oo  f o r  d i f f e r e n c e s  in  f r a c t i o n a t i o n  
o f  p h o s p h o r i c  a c i d  w i t h  c a l c i t e  and do lo m i te  (Sharma and 
C lay to n ,  1965) .
273
STABLE ISOTOPIC 
COMPOSITION OF 
DOLOMITES IN 
EOCENE STRATA, 
ENEWETAK ATOLL
8 C 13
T8
7 
6 
5 
4
+ 3 
2 
1
t-
<S>
DOLOMITE
- 1
- 2
- 3
- 4
- 5
-6
- 7
- 8
- 9
- 1 0
-1 1
-1 2
- 1 2 - 1 1 - 1 0 - 9  - 8  - 7  - 6  - 5  - 4  - 3  - 2  -1 2 3 4 5 6 7 S
S O 1*
274
a c i d ;  Sharma and C la y to n ,  1965) .  A S18o v a lu e  of 2 .5  o /oo  
i n  d o l o m i t e  c o u ld  be produced e i t h e r  by (1) p r e c i p i t a t i o n  
from h y p e r s a l i n e  w a t e r s  a t  t r o p i c a l  t e m p e r a tu re s  of 28°C 
(B erner ,  1965; Gross  and T rac ey ,  19 66 ) ,  or  (2) p r e c i p i t a t i o n  
f rom  norm al  m a r i n e  w a t e r  a t  t e m p e r a t u r e s  s u b s t a n t i a l l y  
be low 28°C.  I f  we assum e  t h a t  t h e  d o lo m i te  p r e c i p i t a t e d  
from n o rm al  m a r i n e  w a t e r  ( 0 .0  o /o o ;  SHOW), oxygen p a l e o -  
thermometry e q u a t io n s  p r e d i c t  d o l o m i t i z a t i o n  a t  t e m p e ra tu re s  
o f  1 5°C ( F r i t z  and Sm ith ,  19 7 0 ) ,  16°C (Matthews and Katz ,  
1977) , and 20°C (Land, 1983) .  During P l e i s t o c e n e  g l a c i a l  
a d v a n c e s  and r e t r e a t s ,  t h e  6 l 8o c o m p o s i t i o n  of  seaw ate r  
h a s  v a r i e d  by a p p r o x i m a t e l y  1 o /oo  from t h e  modern ocean 
(Sav in ,  1977) .  I f  t h e  S1 8 0 v a lu e  of t h e  w a te r  p r e c i p i t a t i n g  
d o l o m i t e  i s  1 .0  o / o o  h e a v i e r ,  t h e  c a l c u l a t e d  t e m p e ra tu re  
o f  d o l o m i t i z a t i o n  s h o u l d  be a d j u s t e d  by +4°C. Enewetak 
d o l o m i t e  i s  e n r i c h e d  by a p p r o x i m a t e ly  3 o /oo  r e l a t i v e  t o  
Lower Miocene r a d i a x i a l  cement.
S t ro n t iu m  I s o t o p e s
The p h y s i c a l  and s t r a t i g r a p h i c  l o c a t i o n  of  th e  deep 
Enewetak  d o l o m i t e  s i m p l i f i e s  t h e  i n t e r p r e t a t i o n  of t h e i r  
s t r o n t i u m  i s o t o p e s .  The d e ep  Enewetak  d o l o m i t e s  a r e  in  
Upper Eocene  s t r a t a  and  t h e  8^s r /® ® S r  r a t i o  of  seaw a te r  
h a s  been  s t e a d i l y  r i s i n g  s i n c e  t h e  Eocene (F ig .  63; Burke 
e t  a l . ,  1982) .  Also t h e r e  i s  a l a c k  of  t e r r i g e n o u s  c l a y s ,
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F ig u re  63.
S t r o n t i u m  i s o t o p e  r a t i o s  o f  4 samples (do ts )  of Enewetak 
d o l o m i t e  a r e  p l o t t e d  on t h e  87S r / 8 6 Sr cu rv e  of Burke e t  
a l . (1982) f o r  s e a w a t e r  t h r o u g h  t i m e .  See T a b le  9 f o r  
a c t u a l  i s o t o p e  c o m p o s i t i o n s  and f u r t h e r  e x p l a n a t i o n  o f  
s t r o n t iu m  d a t a .
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f e l d s p a r s ,  and o t h e r  r a d i o g e n i c  ( 8 7 S r - r i c h )  m a t e r i a l s  in  
o r  a ro u n d  t h e  Enewetak  A t o l l  ( S c h l a n g e r ,  1 9 6 3 ) .  Almost 
a l l  igneous  rocks  in  o c e a n ic  i s l a n d  p ro v e n c e s  have 87sr / 8 6 g r 
r a t i o s  of  l e s s  t h a n  0 .7  07 (F a u re ,  1977) .  R ad iogen ic  c o n t i n e n t a l  
d u s t  c o u ld  c o n c e i v a b l y  s e t t l e  on E n ew e tak ;  however,  t h e  
c l o s e s t  p o t e n t i a l  ex p osu re  s u r f a c e  in  t h e  F - l  w e l l  i s  a p p ro x i ­
m ate ly  400 m above t h e  deep d o l o m i t i c  i n t e r v a l  (S ch lan g e r ,  
1963) , making s t r o n t i u m  c o n ta m in a t io n  by c o n t i n e n t a l  d u s t  
u n l i k e l y .
S t r o n t i u m  i s o t o p e  d e t e r m i n a t i o n s  o f  t h e  f o u r  deep  
Enewetak  d o l o m i t e  s a m p le s  g i v e  8 7 S r / 88Sr r a t i o s  between 
0 .7 0 8 6 5  and 0 .70 9 0 1  ( T a b l e  9 ) .  Those  v a l u e s  c o r re sp o nd  
t o  t h e  s t r o n t i u m  i s o t o p i c  c o m p os i t ion  of  seaw a te r  between 
l a t e s t  E a r l y  Miocene and P l e i s t o c e n e  t im e  (F ig .  63; Burke 
e t  a l . ,  1 9 8 2 ) .  I f  a l l  s t r o n t i u m  i n  t h e  d o l o m i t e s  came 
from m a r i n e  w a t e r  a t  t h e  t im e  of do lo m i te  f o r m a t io n ,  t h e  
d o l o m i t e s  would  be l a t e s t  E a r l y  M iocene  t o  P l e i s t o c e n e  
i n  a g e .  Deep i n  t h e  Enewetak  A t o l l ,  t h e  o n l y  a p p a r e n t  
s o u r c e  o f  s t r o n t i u m  w i t h  a 8 7 S r / 88Sr r a t i o  g r e a t e r  t h a t  
t h e  d o l o m i t e s  i s  ( 1 ) s e a w a t e r  y o u n g e r  t h a n  o c e a n  w a t e r  
w i th  t h e  d o l o m i t e ' s  8 7 S r / 88Sr r a t i o  o r  (2) c a r b o n a t e  p r e c i p ­
i t a t e d  from t h a t  same o c e a n  w a t e r .  I f  any s t r o n t iu m  in  
t h e  do lo m i te  came from t h e  h o s t  Eocene se d im en ts  o r  t r a p p e d  
Eocene o c e a n  w a t e r  (8 7 S r / 86Sr = 0 . 7 0 7 7 ) ,  a compensa t ing  
amount of s t r o n t iu m  from younger  ocean w a te r  would be r e q u i r e d  
t o  g iv e  t h e  obse rved  87S r / 88Sr r a t i o s .  For t h e s e  r e a s o n s ,  
s t r o n t i u m  i s o t o p e  r a t i o s  p l o t t e d  on t h e  s t r o n t iu m  seaw ate r
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curve  of Burke e t  a l .  (1982; F ig .  63) sh ou ld  i n d i c a t e  maximum 
ages  of fo r m a t io n  f o r  t h e  deep Enewetak d o lo m i t e s .  T h e r e fo r e ,  
®^Sr/®*>Sr r a t i o s  s u g g e s t  d o lo m i te  f o r m a t io n  between l a t e s t  
E a r ly  Miocene and t h e  p r e s e n t .
The s p r e a d  i n  ®^Sr/®^Sr r a t i o s  of  t h e  deep d o lo m i te s  
may be due t o  (1 ) d o lo m i te  p r e c i p i t a t i o n  a t  s e v e r a l  d i f f e r e n t  
t im e s  between l a t e s t  E a r ly  Miocene and t h e  Holocene a n d /o r
(2 ) i n c o r p o r a t i o n  of d i f f e r e n t  amounts of  " o ld e r "  s t r o n t iu m ,  
p o s s i b l y  from t h e  s u r r o u n d i n g  E ocene  c a l c i t e ,  i n t o  t h e  
d o lo m i t e s .  I f  a l l  of  t h e  s t r o n t i u m  came from normal seaw a te r  
a t  t h e  t i m e  o f  d o l o m i t i z a t i o n ,  d o l o m i t i z a t i o n  must have 
s t a r t e d  by l a t e s t  E a r l y  M iocene  and  f i n i s h e d  d u r i n g  o r  
a f t e r  t h e  l a t e s t  M io c en e .  I f  t h e  8? S r / 88Sr v a r i a b i l i t y  
in  t h e  fo u r  d o lo m i te  sam ples  i s  due s o l e l y  t o  mixing " o ld e r "  
p o s s i b l y  Eocene s t r o n t iu m  ( 87 s r / 88Sr = 0 .7  077) w i th  seaw a te r  
d u r i n g  a s h o r t  p e r i o s  o f  t i m e ,  a l l  d o l o m i t i z a t i o n  m ust  
have o c c u r re d  sometime between l a t e s t  Miocene and t h e  p r e s e n t .  
D o lo m i te  s a m p le  F -1 2 -5 A  i s  m e r e l y  sa m p le  F -1 2 -5 B  a f t e r  
t h e  c a l c i t e  ( l e s s  t h a n  2 % o f  t h e  b u l k  rock)  was le a c h e d  
( T a b le  9 ) .  The d i f f e r e n c e  i n  8? S r / 88Sr r a t i o s  b e tw ee n  
F-12-5A (0.70892) and F-12-5B (0.70883) s u g g e s t s  t h a t  " o ld e r "  
s t r o n t i u m  i n h e r i t e d  f rom  c a l c i t e  was r e s p o n s i b l e  f o r  a t  
l e a s t  p a r t  o f  t h e  8 ? S r / 88Sr s c a t t e r .  In e i t h e r  c a s e ,  a t  
l e a s t  some d o l o m i t i z a t i o n  o c c u r r e d  i n  o r  a f t e r  l a t e s t  Miocene, 
and most  of t h e  d o lo m i te  formed sometime (p robab ly  a t  s e v e r a l  
t im es)  between Middle Miocene and t h e  p r e s e n t .
N atu re  of Deep D o l o m i t i z a t i o n
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S t r o n t i u m  i s o t o p e s  i n d i c a t e  t h a t  deep d o l o m i t i z a t i o n  
o c c u r re d  between Middle Miocene and t h e  p r e s e n t .  A minimum 
d e p t h  of  d o l o m i t i z a t i o n  can  be d e te rm in e d  u s in g  Enewetak 
s t r a t i g r a p h y .  The t o p  o f  t h e  Lower M iocene  s e c t i o n  i s  
now more th a n  900 m above t h e  deep d o l o m i t i c  i n t e r v a l  (P ig .  64; 
S c h l a n g e r ,  1 9 6 3 ) .  S i n c e  t h e  d o lo m i t e s  a r e  m o s t ly  Middle 
Miocene or younger in  ag e ,  they  must have formed a t  b u r i a l  
d e p th s  of over  900 m. P e t r o l o g i c  ev idence  s u g g e s t s  d o lo m i t ­
i z a t i o n  o c c u r r e d  a f t e r  b u r i a l  by a t  l e a s t  610 m. In  t h e  
F - l  w e l l ,  c o r a l l i n e  a l g a e  have l o s t  80% of  t h e i r  o r i g i n a l  
magnesium by t h e  t im e  th e y  a r e  400 m deep (F ig .  52) . T h e r e f o r e ,  
d o l o m i t i z a t i o n  a p p a r e n t l y  o c c u r s  d i s t i n c t l y  a f t e r  l o s s  
o f  magnesium from o r i g i n a l l y  HMC g r a i n s ;  t h e r e f o r e ,  magnesium 
f o r  d o l o m i t i z a t i o n  p r o b a b l y  d o e s  n o t  come from c o r a l l i n e  
a lg a e  a s  Sch lan ge r  (1957) p r o p o s e s .
B e ca u se  Upper Eocene and Lower Miocene s t r a t a  in  t h e  
d e e p  Enewetak  w e l l s  a r e  a p p a r e n t l y  in  open communication 
w i t h  modern o c e a n  w a t e r ,  i t  i s  p r o b a b l e  t h a t  w a t e r  h a s  
f lowed th rough  th o s e  Eocene and Lower Miocene s t r a t a  s in c e  
d e p o s i t i o n .  At d e p th s  of  over 900 m t h e  on ly  f l u i d  which 
c o u l d  hav e  r e a s o n a b l y  b e en  f l o w i n g  t h r o u g h  t h o s e  s t r a t a  
i s  s e a w a t e r .  M e t e o r i c - p h r e a t i c  zones  on c a r b o n a t e  i s l a n d s  
and p e n i n s u l a s  a r e  g e n e r a l l y  t h i n  a n d  w a t e r  t a b l e s  a r e  
n e a r  s e a  l e v e l .  Fo r  e x a m p le ,  t h e  maximum e l e v a t i o n  o f  
t h e  modern n o r t h e r n  Y u c a ta n  w a t e r  t a b l e  i s  l e s s  t h a n  2
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F ig u re  64.
Model f o r  d o l o m i t i z a t i o n  of  Upper Eocene 
on Enewetak  A t o l l  by d e ep  m a r i n e  w a t e r  
w i th  r e s p e c t  t o  c a l c i t e .
c a r b o n a te  s t r a t a  
u n d e r s a t u r a t e d
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m above  s e a  l e v e l  on a p e n i n s u l a  350 km wide (Back and 
Hanshaw, 1 9 7 8 ) .  A f r e s h w a t e r  l e n s  o r  m ix in g  zone could  
n o t  have p e n e t r a t e d  900 m th rough  e x t rem e ly  permeable  Lower 
Miocene s t r a t a  on an a t o l l  which i s  o n ly  42 km wide.  In 
a d d i t i o n ,  no f e a t u r e s  c h a r a c t e r i s t i c  o f  f r e s h w a te r  d i a g e n e s i s  
a r e  observed  in  t h e  v i c i n i t y  of t h e  deep d o lo m i t e s ,  making 
m ixed-water  d o l o m i t i z a t i o n  very  u n l i k e l y .
L i k e w i s e ,  i t  i s  d i f f i c u l t  t o  i m a g in e  a h y p e r s a l i n e  
w a t e r  mass ( B e r n e r ,  1965) moving i n t a c t  from t h e  s u r f a c e  
th rough  900 m of ve ry  permeable  s t r a t a  which have a c t i v e l y  
c i r c u l a t i n g  m arine  w a t e r s .  Because no p e t r o l o g i c  ev idence  
o f  h y p e r s a l i n e  b r i n e s  i s  p r e s e n t ,  an a l t e r n a t i v e  th eo ry  
f o r  d o l o m i t i z a t i o n  i s  n e c e s s a r y .  The heavy oxygen i s o t o p e s  
o f  B e r n e r  (1965) and Gross  and Tracey (1966) cou ld  be t h e  
r e s u l t  o f  d o l o m i t i z a t i o n  by c o ld  m ar ine  w a te r  i n s t e a d  of 
h y p e r s a l i n e  w a t e r .  I f  t h e  t e m p e r a t u r e  p r o f i l e  f o r  t h e  
Enewetak  E - l  w e l l  i s  e x t r a p o l a t e d  t o  1 ,3 2 0  m ( F i g .  3 ) ,  
t h e  modern t e m p e r a t u r e  o f  t h e  d eep  d o l o m i t i c  i n t e r v a l s  
in  Upper Eocene s t r a t a  (E - l  and F - l  w e l l s )  would be between 
10°  and 20°C. In  normal s e a w a te r ,  t h e s e  t e m p e r a tu re s  a r e  
c o m p a t i b l e  w i t h  t e m p e r a t u r e s  o f  d o l o m i t e  f o r m a t i o n  (15° 
-  20°C) a s  p r e v i o u s l y  de te rm ined  by oxygen i s o t o p e  p a l e o -  
t h e r m o m e t r y  e q u a t i o n s .  Hence ,  oxygen  i s o t o p e s  s u g g e s t  
d o l o m i t e  f o r m a t i o n  u n d e r  r o u g h l y  t h e  same oxygen i s o t o p e  
and t e m p e r a t u r e  c o n d i t i o n s  t h a t  c u r r e n t l y  p r e v a i l  in  deep 
d o l o m i t i c  s t r a t a .
M ar ine  w a te r s  u n d e r s a t u r a t e d  w i th  r e s p e c t  t o  c a l c i t e ,
b u t  s t i l l  s u p e r s a t u r a t e d  w i t h  r e s p e c t  t o  d o l o m i t e  were  
p r o b a b l y  r e s p o n s i b l e  f o r  d e ep  Enewetak  d o l o m i t i z a t i o n  
( F i g .  6 4 ) .  The m odern  c a l c i t e  s a t u r a t i o n  d e p t h  i n  t h e  
P a c i f i c  Ocean i s  a t  a p p ro x im a te ly  1000 m (F ig .  3? S c h o l le  
e t  a l . f 1983; L i  e t  a l . ,  1969) .  According t o  thermodynamic 
c a l c u l a t i o n s ,  o c e a n  w a te r  i s  s t i l l  g r e a t l y  s u p e r s a t u r a t e d  
w i t h  r e s p e c t  t o  d o l o m i t e  a t  t h a t  d e p t h .  Although i t  i s  
l i k e l y  t h a t  t h e  c a l c i t e  s a t u r a t i o n  dep th  has  s h i f t e d  between 
M idd le  Miocene and  t h e  p r e s e n t ,  t h e r e  h a s  p r o b a b ly  been 
am ple  o p p o r t u n i t y  f o r  m a r i n e  w a t e r s  u n d e r s a t u r a t e d  w i th  
r e s p e c t  t o  c a l c i t e  t o  p e r c o l a t e  th rough  Upper Eocene s t r a t a  
and  c a u s e  d o l o m i t i z a t i o n .  The p a s s a g e  of u n d e r s a t u r a t e d  
w a te r s  th rou g h  Upper Eocene s t r a t a  i s  v e r i f i e d  by t h e  p a r t i a l  
d i s s o l u t i o n  of c a l c i t i c  r o t a l i n e  f o r a m i n i f e r a  and c o r a l l i n e  
a l g a e  i n  some p a r t i a l l y  d o l o m i t i z e d  s t r a t a .  U n a l t e r e d  
f o r a m i n i f e r a  and c o r a l l i n e  a l g a e  p r e s e n t  in  un do lo m i t ized  
o v e r l y i n g  s t r a t a  c o n s i s t  e n t i r e l y  of low-magnesian c a l c i t e  
( l e s s  t h a n  5 mole  % MgCOj) . T h e r e f o r e ,  i t  i s  r e a s o n a b le  
t o  a ssum e t h a t  f o r a m i n i f e r a  and c o r a l l i n e  a l g a e  i n  t h e  
d o l o m i t i z e d  zone were low-magnesian c a l c i t e  p r i o r  t o  t h e i r  
p a r t i a l  d e l i c a t e  d i s s o l u t i o n .
T h e o r e t i c a l l y ,  d o l o m i t i z a t i o n  r e q u i r e s  a g r e a t  many 
po re  volumes of  f l u i d  moving th ro u g h  a rock  t o  supp ly  magnesium 
and remove c a l c i u m  (Land, 1983) .  The t e m p e r a tu re  p r o f i l e  
of  t h e  Enewetak E - l  w e l l  (F ig .  3 ) ,  s u g g e s t s  t h a t  s i g n i f i c a n t  
q u a n t i t i e s  o f  h e a t  a r e  b e i n g  removed f rom t h e  a t o l l  by 
m a r i n e  w a t e r s  c i r c u l a t i n g  t h r o u g h  Eocene  s t r a t a .  I t  i s
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very  p o s s i b l e  t h a t  the rm a l  c o n v e c t io n  i s  t h e  f o r c e  d r i v i n g  
l a r g e  q u a n t i t i e s  of deep d o l o m i t i z i n g  ocean  w a te r  th rough  
Eocene s t r a t a  on Enewetak (Sw ar tz ,  1958) .  The d o l o m i t e - r i c h  
i n t e r v a l  i s  a t  t h e  b a s e  o f  a v e r y  p o r o u s  and  p e r m e a b l e  
g r a i n s t o n e  u n i t  (T a b le  1) which cou ld  s e r v e  a s  a co n d u i t  
f o r  c o n v e c t i n g  m a r i n e  w a t e r s .  S t r a t a  i n  c o r e s  13 -  15 
( 1 ,3 4 3  -  1 , 3 8 8  m) a r e  s i g n i f i c a n t l y  l e s s  pe rm eable  th an  
c o r e s  9 - 1 1  ( 1 ,1 1 4  -  1 , 2 8 7 ) .  The d e e p e s t  m ar ine  w a te r s  
f low ing  th ro u g h  t h e  g r a i n s t o n e s  a r e  p ro b a b ly  t h e  most under­
s a t u r a t e d  w i t h  r e s p e c t  t o  c a l c i t e  and t h e r e f o r e  t h e  most 
c a p a b l e  o f  d o l o m i t i z a t i o n .  T h i s  p e r m e a b i l i t y  v a r i a t i o n  
and i n c r e a s i n g  c a l c i t e  u n d e r s a t u r a t i o n  cou ld  e x p la in  t h e  
s t r a t i g r a p h i c  d i s t r i b u t i o n  of  t h e  d o lo m i te .
A l t e r n a t i v e l y ,  t h e  d i s t r i b u t i o n  o f  d o l o m i t e  i n  t h e  
Upper Eocene o f  t h e  F - l  w e l l  and c o r e  3 of t h e  E - l  w e l l  
may be a f u n c t i o n  o f  d o l o m i t e  n u c l e i i .  Sediments in  t h e  
v i c i n i t y  o f  1 ,3 1 7  m i n  t h e  F - l  w e l l  may have e i t h e r  had 
more o r i g i n a l  d o lo m i te  n u c l e i i  o r  had g r a i n s  which p r e f e r ­
e n t i a l l y  d e v e l o p e d  d o l o m i t e  n u c l e i i .  U n f o r t u n a t e l y  our 
c o r e  c o n t r o l  i s  n o t  s u f f i c i e n t  t o  c o n c l u s i v e l y  de te rm ine  
t h e  r ea so n  f o r  t h e  ob se rved  d o lom i te  d i s t r i b u t i o n ,  a l tho u gh  
s t r a t i g r a p h i c  v a r i a t i o n  i n  p e r m e a b i l i t y  i s  t h e  most l i k e l y  
cause  of  pa tchy  d o l o m i t i z a t i o n .
Dolomite  in  Lower Miocene s t r a t a
The p re c e d in g  d i s c u s s i o n  has  f o c u s s e d  on t h e  fo rm a t io n
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of d o lom i te  in  Upper Eocene s t r a t a  of t h e  F - l  and E - l  w e l l s  
u n d e r  p r e v a i l i n g  g e o c h e m i c a l  c o n d i t i o n s .  However,  t h e  
e x t rem ely  minor amounts of  d o lo m i te  found i n  Lower Miocene 
s t r a t a  o f  t h e  F - l  w e l l  a r e  (1) p e t r o g r a p h i c a l l y  d i f f e r e n t  
f rom t h e  d e e p e r  d o lo m i te s  and (2 ) c u r r e n t l y  in  w a te r s  n o t  
u n d e r s a t u r a t e d  w i th  r e s p e c t  t o  c a l c i t e .
D o lo m i te  i s  p r e s e n t  in  c o r e s  3 and 6 (Lower Miocene)
of t h e  F - l  w e l l  (S c h la n g e r ,  196 3 ) ;  however,  Sch langer  cou ld
f i n d  d o lo m i t e  in  o n ly  one sample from each of  th o se  c o re s  
( F - l - 3 - 2 0  and F - l - 6 - 9 )  . I n  b o t h  c a s e s ,  Sch langer  (1963, 
p .  1 ,0 2 4  -  1 ,0 2 8 )  d e s c r i b e s  t h e  d o lo m i te s  a s  l i n i n g  open 
v o i d s .  I took  samples  of t h o s e  same p i e c e s  ( F - l - 3 - 2 0  and 
F - l - 6 - 9 )  , b u t  cou ld  n o t  f i n d  d o lo m i te  in  my samples .  The 
only  sample from c o re s  3 -  6 in  which I  cou ld  f i n d  d o lom i te  
was sample F - l - 3 - 2 2 .
In sample F - l - 3 - 2 2  (375 -  383 m) , d o lom i te  a l s o  l i n e s
an open  v o i d  and o v e r g r o w s  r a d i a x a l  c a l c i t e  (F ig .  2 0 c ) .
The d o l o m i t e  i s  a p p a r e n t l y  in  o p t i c a l  c o n t i n u i t y  w i th  t h e  
u n d e r l y i n g  r a d i a x i a l  cem en t  and  h a s  undu lose  e x t i n c t i o n .  
D o lo m i te  t e r m i n a t i o n s  a r e  e u h e d ra l  though s l i g h t l y  curved 
( F i g .  2 0 f )  . T h e re  i s  a l s o  a t h i n  l a m i n a t i o n  of  do lo m i te  
w i t h i n  t h e  r a d i a x i a l  c a l c i t e  which l a c k s  a rhombic o u t e r  
o u t l i n e  and c r o s s - c u t s  some r a d i a x i a l  l a m i n a t i o n s  (Fig .  2 0 c ) , 
s u g g e s t i n g  t h a t  t h e  d o l o m i t e  i s  r e p l a c i n g  a more s o l u b l e  
r a d i a x i a l  l a m i n a t i o n .  M ic r o p ro b e  a n a l y s e s  i n d i c a t e  t h a t  
t h e  Ca, Mg, and Sr  c o n c e n t r a t i o n s  o f  d o l o m i t e s  in  Lower 
Miocene s t r a t a  a r e  s i m i l a r  t o  t h o s e  of t h e  deep Enewetak
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d o l o m i t e  ( T a b l e  10) .
P e t r o g r a p h i c  p o s i t i o n  and e u h e d r a l  t e r m i n a t i o n s  i n d i c a t e  
t h a t  t h e  Lower Miocene d o lo m i te  i s  a l a t e  s t a g e ,  v o i d - f i l l  
cement p r e c i p i t a t i n g  a f t e r  r a d i a x i a l  c a l c i t e .  In  n o n - d o lo m i t ic  
sam ples  a d j a c e n t  t o  t h e  d o lo m i t e s ,  d i s t a l  p o r t i o n s  o f  some 
r a d i a x i a l  cements have been d i s s o l v e d  i n d i c a t i n g  t h a t  s u b s u r f a c e  
w a t e r s  i n  t h e  Lower Micoene s t r a t a  may have become under­
s a t u r a t e d  w i t h  r e s p e c t  t o  c a l c i t e  a t  a p p r o x i m a t e l y  t h e  
same t im e  as  d o l o m i t i z a t i o n .  Hence, t h e  c a l c i t e  s a t u r a t i o n  
dep th  in  t h e  P a c i f i c  Ocean has  p ro b a b ly  been much sh a l lo w er  
i n  t h e  p a s t  t h a n  i t  i s  t o d a y .  I t  i s  ve ry  p o s s i b l e  t h a t  
d o l o m i t i z a t i o n  was a s s o c i a t e d  w i th  t h a t  sh a l lo w e r  c a l c i t e  
s a t u r a t i o n  d e p th .  Hence, d o lo m i te  i n  Lower Miocene s t r a t a  
was a l s o  p ro b a b ly  p r e c i p i t a t e d  from m ar ine  w a t e r s  u n d e r s a t u r a t e d  
w i th  r e s p e c t  t o  c a l c i t e .
Comparison t o  Other  Cenozoic Dolomites
The « 1 3 C, 6^®0 and s t r o n t i u m  v a l u e s  f o r  d o l o m i t e s  
r e p o r t e d  i n  o t h e r  Miocene and P l i o - P l e i s t o c e n e  c a r b o n a te s  
a r e  s t r i k i n g l y  s i m i l a r  t o  t h e  v a l u e s  fo u n d  i n  t h e  d eep  
Enewetak d o lo m i te s  (Table  1 1 ) .  Many of t h e  young (Cenozoic) 
d o lo m i te s  have 6 ^ c  an<g 5 I 80  v a lu e s  which a r e  a p p ro x im a te ly  
i n  e q u i l i b r i u m  w i t h  modern s e a w a t e r ,  y e t  t h e i r  o r i g i n s  
a r e  o f t e n  a s c r i b e d  t o  m i x e d - w a t e r  (Dorag) d o l o m i t i z a t i o n  
(Land ,  1 9 7 3 a ;  Supko ,  1 9 7 0 ,  1977 ;  R e p e l l i n ,  1977; S i b l e y ,  
1980 ;  Ward,  1 9 8 2 ) .  The c o n s i s t e n c y  and a b s o l u t e  v a lu e s
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o f  s t a b l e  c a r b o n  and  ox ygen  i s o t o p e s  in  P l i o - P l e i s t o c e n e  
d o lo m i te s  do n o t  f a v o r  m e te o r i c  o r  m ixed-w ate r  o r i g i n s .
Most C e n o z o ic  d o l o m i t e s  do n o t  show any t e n d e n c i e s  
t o w a rd  l i g h t e r  c a r b o n  and  oxygen  i s o t o p e s ,  which would 
be e x p e c t e d  i f  m e t e o r i c  w a t e r  was a s i g n i f i c a n t  p a r t  of 
t h e  d o l o m i t i z i n g  f l u i d  (T a b le  1 1 ) .  R a t h e r ,  t h e  s t a b l e  
oxygen i s o t o p e s  i n  many r e p o r t e d  C e n o z o ic  d o l o m i t e s  a r e  
i n  a p p r o x i m a t e  e q u i l i b r i u m  w i th  normal seaw a te r  (Friedman 
and O ' N e i l ,  1 9 7 7 ) .  S i b l e y  (1980) r e c o n c i l e s  t h e  heav y  
[m a r in e ]  o x ygen  i s o t o p e s  w i t h  a " m i x e d - w a t e r "  o r i g i n  by 
c a l l i n g  on " e v a p o r a t i o n - c o n c e n t r a t e d  f r e s h  w a t e r "  t o  be 
mixed w i t h  m a r i n e  w a t e r  t o  fo rm  t h e  d o l o m i t i z i n g  f l u i d .  
W hi le  su ch  " e v a p o r a t i o n - c o n c e n t r a t e d "  m e t e o r i c  w a te r  i s  
p o s s i b l e ,  i t  i s  n o t  l i k e l y  t o  be w i d e s p r e a d .  Only t h e  
J a m a i c a n  Fa lm o u th  d o l o m i t e  of  Land (1973b)  and  Holocene 
d o l o m i t e  i n  I s r a e l  s t u d i e d  by M agar i tz  e t  a l .  (1980) have 
l i g h t  c a r b o n  and oxy gen  i s o t o p e s  c l e a r l y  i n d i c a t i n g  t h e  
i n f l u e n c e  of m e te o r i c  w a t e r .
G e ochem ica l  s i m i l a r i t i e s  b e tw e e n  t h e  deep  Enewetak  
d o l o m i t e s  and  many o t h e r  C e n o z o ic  d o lo m i te s  s u g g e s t  t h a t  
o t h e r  C e n o z o ic  d o l o m i t e s  m ig h t  h a v e  fo rm ed  from m a r i n e  
w a t e r s .  However,  f u r t h e r  s t u d y  w i l l  be r e q u i r e d  t o  see  
w h ic h ,  i f  a n y ,  o f  t h o s e  d o l o m i t e s  have sp e n t  s i g n i f i c a n t  
am o u n ts  o f  t im e  i n  env iro nm en ts  w i th  a c t i v e l y  c i r c u l a t i n g  
marine  w a te r  u n d e r s a t u r a t e d  w i th  r e s p e c t  t o  c a l c i t e .
DIAGENETIC MODELS
E x c e l l e n t  e x a m p le s  o f  m e t e o r i c  and m arine  d i a g n e s i s  
a r e  p r e s e n t  on Enewetak  A t o l l .  I n  P l e i s t o c e n e  s t r a t a ,  
m e t e o r i c  d i a g e n e t i c  p r o c e s s e s  h a v e  d o m i n a t e d ,  r e s u l t i n g  
in  c a l c i t e  c e m e n ta t io n ,  d i s s o l u t i o n ,  neomorphism of  a r a g o n i t e ,  
and c o n v e r s i o n  of  HMC t o  LMC. In  Lower Miocene and Upper 
Eocene s t r a t a  of t h e  F - l  w e l l ,  marine  d i a g e n e s i s  has  a l s o  
r e s u l t e d  i n  c a l c i t e  c e m e n t a t i o n ,  a r a g o n i t e  d i s s o l u t i o n ,  
c o n v e r s i o n  o f  HMC t o  LMC, and s o m e t im e s  d o l o m i t i z a t i o n .  
W hile  t h e  p r o d u c t s  o f  m a r i n e  and m e te o r i c  d i a g e n e s i s  a r e  
o f t e n  s i m i l a r ,  t h e r e  a r e  i m p o r t a n t  d i f f e r e n c e s  ( th o u g h  
so m e t im es  s u b t l e )  i n  t h e i r  p e t r o g r a p h y ,  geochem is t ry  and 
d i s t r i b u t i o n .
METEORIC' DIAGENESIS
P a t t e r n s  o f  m e t e o r i c  d i a g e n e s i s  i n  t h e  P l e i s t o c e n e  
o f  Enewetak  can  u s u a l l y  be r e l a t e d  t o  n e a r b y ,  o v e r ly in g  
e x p o s u r e  s u r f a c e s .  F i g u r e  65 shows g e n e r a l i z e d  p a t t e r n s  
of  d i s s o l u t i o n ,  c e m e n ta t io n ,  and neomorphism in  P l e i s t o c e n e  
s t r a t a  on E new e tak  r e l a t i v e  t o  e a c h  e x p o s u r e  s u r f a c e .  
The g e n e r a l i z e d  p r o f i l e  i n  F i g u r e  65 was d eve loped  from 
d i a g e n e t i c  p a t t e r n s  shown in  F ig u r e s  10 -  12. The p o s i t i o n  
of  zone 1 (F ig .  6 5 ) ,  im m edia te ly  below s u b a e r i a l  exposu re
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F ig u re  65.
G e n e ra l i z e d  p a t t e r n  of  d i a g e n e t i c  a l t e r a t i o n  of  P l e i s t o c e n e  
s t r a t a  i n  X R I-1 ,  XAR-1, and XEN-1 w e l l s .  F i g u r e s  10 -  
12 show d i a g e n e t i c  p r o f i l e s  on which t h i s  g e n e r a l i z e d  p r o f i l e  
i s  b a sed .
GENERAL PATTERN OF PLEISTOCENE DIAGENESIS, ENEWETAK
Zone 1
Zone 2
Zone 3
Zone 4
Zone 5
Zone 6
• Zone 1. Dissolution (irregular & fabric selective) 
dominates. Cements range from rare to common with 
an uneven (patchy) distribution. Cements may in­
clude equant-to-bladed calcite, micrite, and micro­
spar. Fine to coarsely crystalline neomorphic cal­
cite may replace aragonite.
- Zone 2. Minor dissolution and cementation. Minor 
dissolution is usually fabric selective and incom­
plete. Minor calcite cements are often equant-to- 
bladed and equant mosaics that preferentially fill 
intragranular and small intergranular voids. Medium 
to coarsely crystalline neomorphic calcite sometimes 
replaces araqonite.
Zone 3. Abundant cementation and minor fabric selec­
tive dissolution. Cements are generally circumvoid, 
equant-to-bladed crusts of calcite that show a slight 
preference to fill smaller voids.
  Zone 4. Abundant dissolution and cementation. Dissol­
ution is fabric selective. Cements are generally iso- 
pachous crusts of bladed or equant-to-bladed calcite. 
Neomorphism of aragonite to coarsely crystalline 
calcite is abundant at the top of zone 4 and decreases 
downward.
Zone 5. Fabric selective dissolution is dominant but 
generally decreases with depth. Cementation is very 
minor or non-existent.
Zone 6 . Dissolution (fabric selective) is minor and 
decreases until it is virtually absent. Cementation 
is very minor or non-existent.
e c c t o o
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s u r f a c e s ,  s u g g e s t s  t h a t  t h e  r e l a t i v e l y  i n t e n s e  d i a g e n e t i c  
a l t e r a t i o n  o c c u r r e d  i n  a s o i l  z o n e .  I s o p a c h o u s  c r u s t s  
o f  b l a d e d  and e q u a n t - t o - b l a d e d  cem en t  i n  z o n e s  3 and 4 
( F i g .  65) s u g g e s t  t h a t  t h e  i n t e n s e  d i a g e n e t i c  a l t e r a t i o n  
i n  t h o s e  z o n e s  o c c u r r e d  i n  o r  i m m e d i a t e l y  a b o v e  a 
m e t e o r i c - p h r e a t i c  env iro n m en t .  Zone 2 (F ig .  65) w i th  i t s  
m in o r  d i s s o l u t i o n  and  r a r e ,  uneven c e m e n ta t io n  a p p a r e n t l y  
r e p r e s e n t s  d i a g e n e t i c  a l t e r a t i o n  i n  t h e  " m id d le  v a d o s e  
zo n e"  above  t h e  c a p i l l a r y  f r i n g e  zone (zone 3) and below 
s o i l - r e l a t e d  a l t e r a t i o n  (zone  1) . D i a g e n e s i s  o f  z o n e s  
5 and 6 ( F i g .  65) m ig h t  r e p r e s e n t  a l t e r a t i o n  i n  d e e p e r  
m e t e o r i c - p h r e a t i c  o r  m ixed  m e t e o r i c - m a r i n e  env ironm en ts .  
In  c o n t r a s t ,  G o te r  (1979)  c o n c l u d e d  t h a t  m o s t  m e t e o r i c  
cem en ta t io n  (and o t h e r  m e t e o r i c  d i a g e n e s i s )  in  t h e  P l e i s t o c e n e  
of A r a n i t  I s l a n d  (Enewetak) o c c u r r e d  i n  t h e  vadose  zone.
S o i l  Zone A l t e r a t i o n
D i s s o l u t i o n ,  r a t h e r  t h a n  c e m e n t a t i o n ,  i s  d o m in a n t  
i n  m ost  P l e i s t o c e n e  E new etak  s o i l  z o n e s  (zone  1) . The 
dom inance  o f  d i s s o l u t i o n  and  s c a r c i t y  of c a l i c h e  s u g g e s t  
t h a t  r a i n f a l l ,  t h r o u g h o u t  much o f  t h e  P l e i s t o c e n e ,  was 
as  abundant  a s  i t  i s  i n  modern t im e s  (150 c m / y e a r ) . I r r e g u l a r  
d i s s o l u t i o n  i n  zone 1 was p ro b a b ly  a s s o c i a t e d  w i th  p l a n t s  
and o t h e r  s o i l  p r o c e s s e s .  Decay o f  t e r r e s t r i a l  o r g a n ic  
m a t e r i a l  may hav e  i n c r e a s e d  t h e  a c i d i t y  o f  s o i l  w a t e r s ,  
p r o m o t i n g  i r r e g u l a r  a n d  f a b r i c - s e l e c t i v e  d i s s o l u t i o n .
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The s c a r c i t y  of cement in  many P l e i s t o c e n e  s o i l  zones  may 
be due, in  p a r t ,  t o  perm eable  d e p o s i t i o n a l  t e x t u r e s  (p ac k s to n e s ,  
g r a i n s t o n e s ,  b o u n d s t o n e s ) , t h r o u g h  which r a in w a te r  could  
move q u i c k l y .  Cements p r e s e n t  i n  t h e  s o i l  zone were p ro b ab ly  
p r e c i p i t a t e d  by m e te o r i c  w a te r s  which remained in  t h e  s o i l  
zone l o n g  enough  t o  become s u p e r s a t u r a t e d  w i t h  r e s p e c t  
t o  c a l c i t e .  Cement p r e c i p i t a t i o n  i n  zone 1 might  be in  
r e s p o n s e  t o  C0 2 - d e g a s s i n g  o r  e v a p o t r a n s p i r a t i o n  of w a te r  
i n  t h e  s o i l  z o n e .  The l a c k  o f  d i s t i n c t  r o o t  s t r u c t u r e s  
i s  p ro b a b ly  a l s o  a r e s u l t ,  in  p a r t ,  of  o r i g i n a l  d e p o s i t i o n a l  
t e x t u r e s .  Because r o o t s  p e n e t r a t e d  p a c k s to n e s ,  g r a i n s t o n e s ,  
and p o r o u s  b o u n d s t o n e s  on Enewetak,  they  u s u a l l y  d id  n o t  
l e a v e  e a s i l y  i d e n t i f i a b l e  im p r e s s io n s  l i k e  r o o t s  p e n e t r a t i n g  
wackes tones  and m udstones .
Middle Vadose A l t e r a t i o n
D i a g e n e s i s  i n  t h e  m i d d l e  v a d o s e  zone  (zone  2 ;  F ig
65) i s  m in im a l  p r i m a r i l y  b e c a u s e  w a t e r  d o e s  n o t  r e s i d e  
i n  t h i s  zone  v e r y  l o n g .  B e ca u se  Enewetak  s t r a t a  c o r e d  
by P l e i s t o c e n e  w e l l s  a r e  q u i t e  pe rm eab le ,  most w a te r  would 
ten d  t o  move q u i c k l y  th ro u gh  t h e  middle  vadose  zone.  Cements 
i n  zo ne  2 p r e f e r e n t i a l l y  f i l l  i n t r a g r a n u l a r  v o i d s ,  sm al l  
m o ld s ,  and v e r y  s m a l l  i n t e r g r a n u l a r  v o i d s  w h ich  s h o u l d  
have p r e f e r e n t i a l l y  r e t a i n e d  w a te r  in  a vadose  environm ent .  
S u b s t a n t i a l  i r r e g u l a r i t i e s  i n  g r a i n  s i z e  and shape among 
Enewetak  b i o c l a s t s  p r o b a b l y  p r e v e n t e d  v a d o s e  w a t e r s  and
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c e m e n ts  f rom f o r m in g  m e n i s c u s  s t r u c t u r e s  b e tw e e n  g r a i n s  
and p enden t  s t r u c t u r e s  on t h e  bottom of g r a i n s .
C a p i l l a r y  f o r c e s  i n  p a r t i a l  d e l i c a t e l y  d i s s o l v e d  b i o c l a s t s  
s h o u l d  have  b e en  s t r o n g  and  q u i t e  e f f e c t i v e  i n  r e t a i n i n g
v a d o s e  w a t e r .  T h i s  m ig h t  be t h e  r e a s o n  why n e o m o rp h ic
s p a r s  ( c a l c i t e  p r e c i p i t a t e d  i n t o  p a r t i a l l y  d e l i c a t e l y  d i s s o l v e d  
f o s s i l s )  a r e  o f t e n  more abundant  th a n  i n t e r g r a n u l a r  cements 
i n  t h e  m id d le  vadose zone (P ig s .  10 -  1 2 ) .  The t h i c k n e s s
of  t h e  middle  vadose zone can be q u i t e  v a r i a b l e ,  from l e s s
th a n  a m ete r  t o  more t h a n  10 m.
Water Table  A l t e r a t i o n
The i n t e n s e  d i a g e n e t i c  a l t e r a t i o n  obse rved  i n  zones 
3 - 5  ( F i g .  65) i s  a p p a r e n t l y  r e l a t e d  t o  cem en ta t io n  and 
d i s s o l u t i o n  a s s o c i a t e d  w i t h  P l e i s t o c e n e  w a t e r  t a b l e s .  
I n t e n s e  d i a g e n e t i c  a l t e r a t i o n  a s s o c i a t e d  w i th  w a te r  t a b l e s  
and m e t e o r i c - p h r e a t i c  zones  has  been p r e v i o u s l y  documented 
on Bermuda (Land, 197 0 ) ,  Barbados (Matthews, 1974; S t e in e n ,  
1 9 7 4 ) ,  J o u l t e r ' s  Cay (H ai ley  and H a r r i s ,  1979) ,  S t .  Croix  
(Moore, 1 9 7 7 ) ,  and Enewetak  ( G o f f ,  1979) .  W ell-cemented 
z o n e s  a r e  common a t  t h e  t o p  o f ,  and s l i g h t l y  above,  w a te r  
t a b l e s  i n  H o lo c e n e  s e d i m e n t s  on J o u l t e r ' s  Cay,  Bahamas 
(Hailey  and H a r r i s ,  19 79 ) ,  S t .  Croix  (Moore, 1977) ,  Grassey 
Key, F l o r i d a  ( R u s s e l l ,  197 0 ) ,  and t h e  Schooners  Cays, Bahamas 
(Budd, 1984) .  While i n t e r g r a n u l a r  cements i n  zone 3 (F ig .  65) 
a r e  g e n e r a l l y  i s o p a c h o u s  c r u s t s  w i t h i n  i n d i v i d u a l  v o i d s ,
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t h e s e  c e m e n ts  a r e  f r e q u e n t l y  pa tchy  on a mesoscopic  s c a l e  
showing a s l i g h t  tendency  t o  f i l l  s m a l l e r  v o i d s .  The d i s t r i ­
b u t i o n  o f  cem ent  i n  zone  3 and i t s  p o s i t i o n  a t  t h e  t o p  
o f  t h e  w a t e r - t a b l e  a l t e r a t i o n  zone (zones 3 - 5 )  su g g e s t  
t h a t  zo ne  3 r e p r e s e n t s  a l t e r a t i o n  i n  a c a p i l l a r y  f r i n g e  
zone  i m m e d i a t e l y  above  t h e  w a t e r  t a b l e  ( F i g .  6 5 ) .  Zone 
4 w i th  i t s  m ass ive  d i s s o l u t i o n  and more un iform  cem en ta t ion  
i s  p r o b a b l y  t h e  r e s u l t  o f  d i a g e n e s i s  i n  t h e  u p p e r  p a r t  
of  t h e  m e t e o r i c - p h r e a t i c  zone.
S tu d ie s  o f  modern m e te o r i c  sys tems on Enewetak, S t .  C ro ix ,  
and J o u l t e r ' s  Cay i n d i c a t e  t h a t  CO 2 - d e g a s s in g  i s  t h e  main 
p r o c e s s  c aus in g  c e m e n ta t io n  a t  t h e  t o p  of  most w a te r  t a b l e s  
(Hanor, 1978; G of f ,  1979; H a i ley  and H a r r i s ,  1979) .  Hanor 
(197 8 ) o b s e r v e d  r a p i d  CC^-degass ing  in  t h e  t o p  120 cm of 
t h e  modern m e t e o r i c - p h r e a t i c  zone  on S t .  C r o i x .  Hai ley  
and H a r r i s  (1979) i n d i c a t e  t h a t  g r e a t e s t  c e m e n t a t i o n  on 
J o u l t e r ' s  Cay i s  i m m e d i a t e l y  above  and  in  t h e  to p  m eter  
of t h e  modern m e t e o r i c - p h r e a t i c  zone and i s  p ro b a b ly  a s s o c i a t e d  
w i th  C02 - d e g a s s i n g .  C0 2 ~ degass ing  i s  p roposed  a s  t h e  p r im ary  
mechanism r e s p o n s i b l e  f o r  cem en ta t io n  a t  t h e  t o p  of  P l e i s t o c e n e  
w a t e r  t a b l e s  (zone  4) and  c a p i l l a r y  f r i n g e  z o n e s  (zone  
3) on Enewetak.
The i n t e n s e  d i s s o l u t i o n  in  upper p a r t s  of  zone 4 (which 
a l s o  e x h i b i t s  s u b s t a n t i a l  c e m e n t a t i o n )  p ro b a b ly  o c c u r re d  
i n  t h e  C0 2 “ d e g ass in g  zone a t  t h e  t o p  of  t h e  m e t e o r i c - p h r e a t i c  
l e n s e  p r i o r  to  c a l c i t e  s a t u r a t i o n .  In  zone 5 and t h e  lower 
p a r t  of  zone 4 (F ig .  65) , d i s s o l u t i o n  (w i thou t  much a s s o c i a t e d
295
cem en ta t io n )  p ro b a b ly  o c c u r re d  in  C02- r i c h  m e t e o r i c - p h r e a t i c  
w a te r s  below t h e  d e g ass in g  zone (Hanor, 1978) .  P l e i s t o c e n e  
E new e tak ,  l i k e  t h e  m odern  b a c k - b a r r i e r  zone on S t .  Croix 
(H anor ,  1 9 7 8 ) ,  p r o b a b l y  had l a r g e  q u a n t i t i e s  of o rg a n ic  
m a t e r i a l  p e r i o d i c a l l y  washed i n t o  sha l low  m e t e o r i c - p h r e a t i c  
sys tem s .  That  o r g a n ic  m a t e r i a l  would t h e n  undergo b a c t e r i a l  
decay  i n c r e a s i n g  t h e  C02 c o n c e n t r a t i o n  of th e  g roundwater .  
R e p e a te d  i n f l u x e s  o f  r a i n w a t e r  c a r r y i n g  o r g a n ic  m a t e r i a l  
would have p e r i o d i c a l l y  e l e v a t e d  C02 l e v e l s  caus ing  p e r i o d i c  
d i s s o l u t i o n ,  and l a t e r  C02 d e g a s s i n g  would  have  lowered 
th e  C02 l e v e l  c aus ing  p e r i o d i c  c e m en ta t io n  in  zone 4 (F ig .  6 6 ) . 
The p r e s e n c e  o f  o r g a n i c  m a t e r i a l  u n d e r g o i n g  [ b a c t e r i a l ]  
d e c a y  i n  P l e i s t o c e n e  m e t e o r i c - p h r e a t i c  zones  on Enewetak 
i s  c o n f i r m e d  by l i g h t  s t a b l e  c a r b o n  i s o t o p e s  i n  some 
m e t e o r i c - p h r e a t i c  c e m e n t s .  For  e x a m p le ,  in  a p r o b a b l e  
P l e i s t o c e n e  m e t e o r i c - p h r e a t i c  zone (48 -  51 m in  t h e  XRI-1 
w e l l ;  F ig .  1 0 ) ,  i n t e r g r a n u l a r  c r u s t s  of  b laded  cement have 
6-^C v a lu e s  of - 8 . 9  o /o o  and -  8 . 6  o /o o  (PDB; F ig .  35) .
A l t e r a t i o n  n ea r  ba se  of t h e  m e t e o r i c - p h r e a t i c  zone
In  d i a g e n e t i c  z o n e s  5 and 6 ( F i g .  6 5 ) ,  c e m e n t a t i o n  
i s  v i r t u a l l y  a b s e n t  and  d i s s o l u t i o n  d e c r e a s e s  s t e a d i l y  
w ith  d e p th .  Zone 6 and t h e  lower p a r t  of zone 5 may r e p r e s e n t  
a t r a n s i t i o n  between a c t i v e l y  c i r c u l a t i n g  m e t e o r i c - p h r e a t i c  
w a t e r s  i n  zone  4 and more s t a g n a n t  w a te r s  which might  be 
m e t e o r i c ,  m ar in e ,  or  mixed m e te o r i c  and m ar in e .  D ecreas ing
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F ig u r e  6 6 .
Model f o r  m e t e o r i c  a l t e r a t i o n  o f  P l e i s t o c e n e  c a r b o n a t e  
s t r a t a  on Enewetak A t o l l .  M eteo r ic  d i a g e n e s i s  i n  P l e i s t o c e n e  
s t r a t a  on Enewetak  i s  d o m in a t e d  by v e r t i c a l  r a t h e r  th an  
l a t e r a l  v a r i a t i o n s .
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MODEL FOR METEORIC D IA G EN E SIS,  
ENEW ETAK ATOLL
Zone 1
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Zone 3
Zone 4
Zone 5
Zone 6
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•H *H *H
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Vadose
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Phreatic
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w a t e r  c i r c u l a t i o n  m ig h t  cause  d e c re a se d  d i s s o l u t i o n  w h i le  
n o t  in d u c in g  c e m e n ta t io n .
An a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  zone 6 and p e rh a p s  
t h e  lower p a r t  of zone 5 f r e p r e s e n t  d i a g e n e s i s  in  a mixing 
zone which g rad e s  downward i n t o  more m ar ine  w a te r s  (F ig .  6 6 ) . 
In a  mixing zone,  d i s s o l u t i o n  sh o u ld  be dominant and sho u ld  
d e c r e a s e  w i th  d ep th  as  su b s u r f a c e  w a te r s  become more m arine  
( R u n n e l l s ,  1969 ;  Hanshaw e t  a l . ,  1 971) .  No d o lom i te  was 
observed  in  t h i s  zone o r  i n  any o t h e r  P l e i s t o c e n e  sam ples .  
U n a l te red  and s l i g h t l y  a l t e r e d  se d im e n ts  below zone 6 were 
p r o b a b l y  i n  s t a g n a n t  m a r i n e  w a t e r s  d u r i n g  a l t e r a t i o n  of 
o v e r ly in g  s t r a t a  in  an a c t i v e  m e te o r i c  sys tem .
D i s t r i b u t i o n  o f  M eteor ic  A l t e r a t i o n
M e te o r i c  a l t e r a t i o n  sh o u ld  o n ly  a f f e c t  t h e  upper p a r t  
of t h e  a t o l l  d u r in g  p e r i o d s  of s u b a e r i a l  e x p o su re ,  t h e r e f o r e  
zones of i n t e n s e  m e te o r i c  a l t e r a t i o n  w i l l  p ro b a b ly  be t h i n  
b u t  l a t e r a l l y  e x t e n s i v e .  I n t e n s e  s o i l  zone  a l t e r a t i o n  
may on ly  be 1 -  2 m t h i c k  b u t  sh o u ld  e x te n d  ove r  t h e  whole 
s u b a e r i a l l y  e x p o s e d  s u r f a c e .  L ikew ise ,  m e t e o r i c - p h r e a t i c  
zones and a s s o c i a t e d  a l t e r a t i o n  in  p u r e  c a r b o n a te  p rovences  
w i l l  g e n e r a l l y  be t h i n .  I n  t h e  n o r t h e r n  Y u c a t a n ,  t h e  
m e t e o r i c - p h r e a t i c  zon e  i s  a p p r o x i m a t e l y  JO m t h i c k  in  a 
p e n in s u l a  350 km wide (Back and Hanshaw, 19 78 ) .  F re sh -w a te r  
l e n s e s  unde r  many c a r b o n a te  i s l a n d s  a r e  on ly  a few m ete rs  
t h i c k  ( E n g e b i ,  B uddem eie r  and H o l l a d a y ,  1977 ;  J o u l t e r ' s
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Cay, Hai ley  and H a r r i s ,  1979) .
W h i le  m os t  P i i o - P l e i s t o c e n e  s t r a t a  on Enewetak show 
some e v i d e n c e  o f  m e t e o r i c  d i a g e n e s i s ,  most Lower Miocene 
and Upper Eocene s t r a t a  show no ev idence  of  m e te o r i c  d i a g e n ­
e s i s .  Only s t r a t a  w i t h i n  30 -  50 m of major  u n c o n fo r m i t i e s  
a t  t h e  to p  of  t h e  Upper Eocene and t o p  of t h e  Lower Miocene 
show d i a g n o s t i c  ev idence  of m e te o r i c  a l t e r a t i o n .  T h e r e fo r e ,  
m e te o r i c  d i a g e n e s i s  i s  c l o s e l y  r e l a t e d  t o  s u b a e r i a l  e x p o su re ,  
and d i a g e n e t i c a l l y  a l t e r e d  i n t e r v a l s  s h o u l d  t e n d  t o  be 
t h i n ,  th o u g h  l a t e r a l l y  e x t e n s i v e ,  d e p e n d i n g  on t h e  s i z e  
of t h e  s u b a e r i a l l y  exposed l a n d .
Comparison w i th  o t h e r  m e te o r i c  sys tem s and models
The model f o r  m e t e o r i c  d i a g e n e s i s  shown i n  F i g u r e  
66 e m ph as ize s  v e r t i c a l  v a r i a t i o n s  in  d i a g e n e t i c  a l t e r a t i o n  
and n e g l e c t s  h o r i z o n t a l  v a r i a t i o n s  in  t h e  m e te o r i c  sys tem .  
Such a model may be a p p l i c a b l e  on Enewetak and o t h e r  sm a l l  
i s l a n d  s e t t i n g s  where s u b s u r f a c e  c a r b o n a t e s  a r e  ve ry  permeable  
and movement o f  m e te o r i c  w a te r  i s  m ain ly  v e r t i c a l .  While 
r a i n w a t e r  p e r c o l a t i n g  th ro u g h  t h e  vadose  zone w i l l  be m ain ly  
v e r t i c a l  in  most  c a r b o n a t e  p ro v e n c e s ,  some m e t e o r i c - p h r e a t i c  
s y s t e m s  ( e s p e c i a l l y  l a r g e  s y s t e m s )  i n c l u d e  s u b s t a n t i a l  
l a t e r a l  w a t e r  movement .  A d o m i n a n t l y  v e r t i c a l  m e t e o r i c  
s y s t e m  r e q u i r e s  v e r y  p e r m e a b l e  s u b s t r a t e ,  modera te  t i d a l  
f l u c t u a t i o n s ,  and a s m a l l  landmass on which on ly  a sm a l l  
f r e s h w a t e r  l e n s  i s  p r e s e n t .  I n  su ch  a s i t u a t i o n ,  f r e s h
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w a t e r  w i l l  mix v e r t i c a l l y  w i th  m ar ine  w a te r  due t o  t i d a l  
f l u c t u a t i o n s ,  r a t h e r  th an  f low ing  l a t e r a l l y  t o  t h e  ocean.  
In  t h i s  v e r t i c a l - m e t e o r i c  sys tem ,  w a te r  in  t h e m e t e o r i c - p h r e a t i c  
zone i s  s u p p l i e d  p r i m a r i l y  by r a in w a te r  p e r c o l a t i n g  th rough  
t h e  o v e r ly in g  m e te o r i c -v a d o s e  zone r a t h e r  th a n  w a te r  f lowing  
l a t e r a l l y  th rough  th e  p h r e a t i c  zone from an a r e a  of m e te o r i c  
r e c h a r g e .
j o u l t e r ' s  Cav. Bahamas
The m e te o r i c  system on J o u l t e r ' s  Cay, Bahamas (Hailey  
and H a r r i s ,  1979) f i t s  t h i s  v e r t i c a l  (Enewetak) m e te o r ic  
model v e r y  w e l l .  L ik e  Enewetak i s l a n d s ,  t h e  w a te r  t a b l e  
on J o u l t e r ' s  Cay i s  a p p ro x im a te ly  a t  sea  l e v e l  i n d i c a t i n g  
t h a t  t h e r e  i s  no s i g n i f i c a n t  head t o  move m e t e o r i c - p h r e a t i c  
w a t e r s  h o r i z o n t a l l y .  Q u a l i t a t i v e l y ,  t h e  d i s t r i b u t i o n  of 
cem ent  on J o u l t e r ' s  Cay i s  v e ry  s i m i l a r  t o  t h a t  p r e d i c t e d  
by t h e  Enewetak  m e t e o r i c  m o d e l ,  w i th  maximum c em en ta t io n  
a t  t h e  to p  of  and imm edia te ly  above t h e  w a te r  t a b l e  (Hailey  
and H a r r i s ,  1 9 7 9 ,  F i g .  1 1 ) .  P o r o s i t y  c u rv e s  (Hailey  and 
H a r r i s ,  1 9 7 9 ,  F i g .  12) s u g g e s t  d i s s o l u t i o n  i s  g r e a t e s t  
j u s t  be low t h e  w a t e r  t a b l e  and  t h e n  d e c r e a s e s  downward 
on J o u l t e r ' s  Cay, as on Enewetak.
fiar.bfld-Q.s
M eteor ic  a l t e r a t i o n  of s u b s u r f a c e  P l e i s t o c e n e  l im e s to n e s
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on B a r b a d o s  h a s  b e en  d e s c r i b e d  by Matthews (1967, 1974) , 
H a r r i s  (1971) , S t e in e n  (1974) , P i n g i t o r e  (1976) ,  and o t h e r s .  
In  c o n t r a s t  t o  Enewetak and J o u l t e r 1 s Cay, t h e  m e t e o r i c - p h r e a t i c  
s y s t e m s  d e s c r i b e d  by H a r r i s  (1971)  and  M at thew s  (1974) 
a r e  d o m in a t e d  by t h e  l a t e r a l  movement of m e te o r i c  w a te r .  
In  t h e  w e s t e r n  p a r t  o f  B a r b a d o s ,  H a r r i s  (1971) e s t i m a t e s  
t h a t  o n l y  1% o f  t h e  m e t e o r i c - p h r e a t i c  w a t e r  h a s  p a s s e d  
t h r o u g h  t h e  o v e r l y i n g  vadose  zone.  As a consequence many 
of t h e  v e r t i c a l  v a r i a t i o n s  p r e s e n t  in  t h e  m e t e o r i c - p h r e a t i c  
zone on Enewetak a r e  a b s e n t  i n  Barbados .  R a th e r ,  d i a g e n e t i c  
a l t e r a t i o n  in  t h e  m e t e o r i c - p h r e a t i c  zone on Barbados appea rs  
f a i r l y  homogenous ( S t e in e n ,  197 4 ) .  S t e in e n  (1974) r e p o r t s  
no d i s t i n c t  v e r t i c a l  v a r i a t i o n s  i n  c e m e n ta t io n ,  d i s s o l u t i o n  
o r  neomorphism  w i t h i n  t h e  m e t e o r i c - p h r e a t i c  zone. As in  
t h e  Enewetak  m o d e l ,  d i a g e n e t i c  a l t e r a t i o n  i s  most i n t e n s e  
i n  t h e  m e t e o r i c - p h r e a t i c  z o n e  on B a r b a d o s  and  d e c r e a s e s  
i n t o  t h e  u n d e r l y i n g  mixing zone (Matthews, 1974; S t e in e n ,  
1974) .
Matthews (1974) s e p a r a t e s  t h e  vadose  zone i n t o  "upper" 
and  " d e e p "  p a r t s .  The " u p p e r  v a d o s e "  zo n e  o f  Matthews 
(1974) c o r r e s p o n d s  t o  t h e  s o i l  zone on Enewetak, and t h e  
"d e e p  v a d o s e "  zo n e  o f  M at thew s (1974) c o r re sp o n d s  t o  t h e  
m idd le  vadose  zone on Enewetak. As on Enewetak, t h e  "deep" 
or  m iddle  vadose  zone i s  an i n t e r v a l  of  l e s s  i n t e n s e  a l t e r a t i o n  
between t h e  more i n t e n s e l y  a l t e r e d  s o i l  zone ("upper  vadose")  
and t h e  m e t e o r i c - p h r e a t i c  zone .  S t e in e n  (1974) and Matthews 
(1974) d i d  n o t  d i s t i n g u i s h  d i a g e n e t i c  a l t e r a t i o n  in  t h e
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c a p i l l a r y  f r i n g e  zone.
D i f f e r e n c e s  between s t a b l e  i s o t o p e  p r o f i l e s  i n  P l e i s t o c e n e  
s t r a t a  o f  Enewetak  and  B a r b a d o s  may r e f l e c t  d i f f e r e n c e s  
b e tw e e n  m e t e o r i c - p h r e a t i c  zones  on Enewetak and Barbados .  
On Barbados ,  6*3c v a lu e s  of  s o i l  zone rocks  a r e  q u i t e  l i g h t  
b u t  b e c o m e  h e a v i e r  w i t h  d e p t h  e s p e c i a l l y  i n t o  t h e  
m e t e o r  i c - p h r e a t i c  zo ne  ( A l l a n  and  Matthews, 1977, 1982) .  
On Enewetak, bo th  s o i l  zone cements and some m e t e o r i c - p h r e a t i c  
c e m e n ts  have  v e r y  l i g h t  v a l u e s .  Those l i g h t  S ^ C
v a l u e s  f o r  Enewetak  m e t e o r i c - p h r e a t i c  c e m e n ts  p r o b a b l y  
r e f l e c t  r a i n w a t e r  s e e p a g e  i n t o  m e t e o r i c - p h r e a t i c  w a te r s  
on  Enewetak  t h r o u g h  t h e  o v e r l y i n g ,  o r g a n i c - r i c h  v a d o s e  
z o n e .  In  c o n t r a s t ,  m os t  m e t e o r i c - p h r e a t i c  w a te r s  i n  t h e  
Barbados c a r b o n a te  system flowed l a t e r a l l y  and were p ro bab ly  
n o t  t r a n s p o r t i n g  much decay ing  o r g a n i c  m a t e r i a l .  In bo th  
t h e  Enewetak  and  Barbados  sy s tem s ,  s t a b l e  oxygen i s o t o p e s  
a r e  f a i r l y  c o n s i s t e n t  w i th  d e p th ,  w h i le  s t a b l e  carbon  i s o t o p e s  
a r e  q u i t e  v a r i a b l e  (A l lan  and Matthews,  1982) .
Longman model f o r  m e te o r i c  d i a g e n e s i s
Longman (1980) p r e s e n t s  a model f o r  d i a g e n e t i c  a l t e r a t i o n  
i n  m e t e o r i c - v a d o s e  and  m e t e o r i c - p h r e a t i c  e n v i r o n m e n t s .  
While  Longman's r e a so n in g  a p p e a rs  sound, d i a g e n e t i c  p a t t e r n s  
obse rved  in  t h e  Holocene of  J o u l t e r ' s  Cay (H ai ley  and H a r r i s ,  
1979) ,  t h e  P l e i s t o c e n e  of  Barbados (Matthews, 1974; S t e i n e n ,  
1974) , t h e  P l e i s t o c e n e  o f  t h e  Bahamas (Beach, 1982) , and
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t h e  P l e i s t o c e n e  o f  Enewetak  s u g g e s t  t h a t  Longman's model 
r a r e l y  o c cu rs  in  n a t u r e .
In  t h e  vadose  zone ,  Longman (1980) b a s i c a l l y  p r e d i c t s  
t h a t  d i s s o l u t i o n  s h o u l d  d e c r e a s e  w i t h  d e p th  down t o  t h e  
w a te r  t a b l e  w h i l e  c e m en ta t io n  sh o u ld  be v i r t u a l l y  n o n - e x i s t e n t  
a t  t h e  s u r f a c e  and  i n c r e a s e  downward t o  t h e  w a te r  t a b l e .  
As Beach (1982)  d e m o n s t r a t e d  i n  t h e  P l e i s t o c e n e  o f  t h e  
Bahamas,  c e m e n t a t i o n  i s  f r e q u e n t l y  g r e a t e s t  im m e d ia te ly  
below exposure  s u r f a c e s  w he ther  c a l i c h e  i s  p r e s e n t  or  n o t .  
Away from s o i l - z o n e s  and c a p i l l a r y  f r i n g e  zones ,  d i a g e n e t i c  
p r o f i l e s  from t h e  P l e i s t o c e n e  o f  Enewetak ( F i g s .  65 and
6 6 ) and  t h e  Holocene of J o u l t e r ' s  Cay (H ai ley  and H a r r i s ,  
1979) i n d i c a t e  t h a t  t h e r e  i s  no g e n e r a l  d e c r e a s e  in  d i s s o l u t i o n  
c o i n c i d i n g  w i t h  an i n c r e a s e  in  cem en ta t io n  in  t h e  vadose 
z o n e .  R a t h e r ,  c e m e n t a t a t i o n  i n  t h e  m id d l e  v a d o se  zone  
i s  g e n e r a l l y  r e l a t e d  t o  n e a r b y  d i s s o l u t i o n  r e s u l t i n g  in  
no s i g n i f i c a n t  n e t  t r a n s p o r t  o f  CaC03 downward t h r o u g h  
t h e  vadose  zone (Hailey  and H a r r i s ,  1979) .
Longman's (1980) model f o r  m e t e o r i c - p h r e a t i c  d i a g e n e s i s  
i n c l u d e s  d i s s o l u t i o n  d e c r e a s i n g  downward w i th  maximum d i s ­
s o l u t i o n  a t  t h e  w a t e r  t a b l e ,  and c e m e n t a t i o n  i n c r e a s i n g  
downward w i th  v i r t u a l l y  no c e m e n ta t io n  a t  t h e  w a te r  t a b l e .  
T h ese  i d e a s  a r e  c o n t r a r y  t o  d i a g e n e t i c  p a t t e r n s  observed  
on J o u l t e r ' s  Cay, Barbados,  Enewetak, and many o t h e r  l o c a t i o n s .  
On J o u l t e r ' s  Cay, d a t a  of H a i ley  and H a r r i s  (1979) c l e a r l y  
show maximum c e m e n t a t i o n  a t  t h e  w a te r  t a b l e .  W a te r - t a b l e  
cem en ta t io n  i s  a l s o  common in  o t h e r  Holocene s t r a t a  ( R u s s e l l ,
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1970; Moore, 1977; G o ff ,  1979; Budd, 1984) and i s  p rob ab ly  
t h e  r e s u l t  of C02-d e g a s s in g  a t  t h e  t o p  of  t h e  w a te r  t a b l e  
(Hanor, 1978) .  L ikew ise ,  t h e  model developed  f o r  m e te o r i c  
d i a g e n e s i s  on Enewetak  s u g g e s t s  maximum c e m e n t a t i o n  a t  
t h e  t o p  of  t h e  m e t e o r i c - p h r e a t i c  zone and i n  t h e  c a p i l l a r y  
f r i n g e  zone.  W ith in  t h e  m e t e o r i c - p h r e a t i c  zone on Barbados,  
d i s s o l u t i o n  and c e m e n ta t io n  a r e  r e l a t i v e l y  un i fo rm ,  showing 
no s i g n i f i c a n t  i n c r e a s e  or  d e c r e a s e  w i th  d ep th  u n t i l  marine 
w a t e r  b e g i n s  t o  mix w i th  t h e  f r e s h w a te r  a q u i f e r  ( S te in e n ,  
1974; Matthews,  1974) .
MARINE DIAGENESIS
In  c o n t r a s t  t o  m e t e o r i c  d i a g e n e s i s ,  i n t e n s e  m a r in e  
d i a g e n e s i s  on Enewetak p e r v a s i v e l y  a l t e r s  ve ry  t h i c k  packages  
o f  l i m e s t o n e .  Marine d i a g e n e s i s  i s  c l o s e l y  r e l a t e d  t o  t h e  
h y d r o l o a i c  p r o x i m i t y  o f  s t r a t a  t o  t h e  seaw ard  margin of 
an a t o l l .  Near t h e  edge  o f  an a t o l l ,  l a r g e  am ounts  of 
m arine  w a te r  w i l l  c i r c u l a t e  th rough  permeable  s t r a t a  caus ing  
e x t e n s i v e  d i a g e n e t i c  a l t e r a t i o n .  The d i s t a n c e  which ocean 
w a t e r  c a n  c i r c u l a t e  i n t o  t h e  a t o l l  i s  q u i t e  v a r i a b l e .  
As t i d a l  f l u c t u a t i o n s  in  t h e  F - l  w e l l  show, marine  w a te r s  
can ,  in  p l a c e s ,  c i r c u l a t e  l a t e r a l l y  over  3 km i n t o  an a t o l l  
(Sw artz ,  1958) .
The s t r i k i n g  s c a r c i t y  of m ar ine  d i a g e n e s i s  i n  b a c k - r e e f  
and l a g o o n - m a r g i n  s e d i m e n t s  i n  t h e  P l e i s t o c e n e  p ro b a b ly  
r e f l e c t s  a l a c k  o f  a c t i v e  m ar ine  c i r c u l a t i o n  th ro u gh  th o se
305
s t r a t a .  When p r e s e n t ,  m arine  d i a g e n e s i s  i n  b a c k - r e e f  and 
l a g o o n - m a r g i n  s e d i m e n t s  i s  o f t e n  a s s o c i a t e d  w i t h  b e ac h  
rock c em en ta t io n .  The m inor ,  s c a t t e r e d  o c c u r re n c e  of marine  
(beach rock) cement in  b a c k - r e e f  and lagoon  margin  env ironm ents  
i s  s i m i l a r  t o  t h e  m i n o r ,  s c a t t e r e d  m a r i n e  (beach  ro c k )  
cements p r e s e n t  in  bas inw ard  p o r t i o n s  of  J u r a s s i c  Smackover 
g r a i n s t o n e s  (Moore and Druckman, 1981) .
In t h e  Enewetak A t o l l ,  m arine  d i a g e n e s i s  shows d i s t i n c t  
v e r t i c a l  z o n a t i o n s .  Changes i n  m ar ine  a l t e r a t i o n  of Enewetak 
s t r a t a  a t  t h e  s e a w a r d  m arg in  o f  t h e  a t o l l  a r e  a p p a r e n t l y  
r e l a t e d  t o  z o n e s  o f  HMC, a r a g o n i t e ,  LMC, and d o l o m i t e  
s t a b i l i t y  in  t h e  open ocean (F ig .  6 7 ) .
Zone of HMC and A ra g o n i te  S t a b i l i t y
In  s h a l l o w  m a r in e  w a te r s  above t h e  a r a g o n i t e  and HMC 
s a t u r a t i o n  d e p t h s ,  d i a g e n e s i s  c o n s i s t s  p r i m a r i l y  of HMC 
and a r a g o n i t e  c e m en ta t io n  and a l t e r a t i o n  by m arine  o rgan ism s .  
D i s s o l u t i o n  d o e s  n o t  a p p e a r  t o  be s i g n i f i c a n t .  I f  rocks  
a r e  i n  a l o c a t i o n  w h e re  s h a l lo w  m arine  w a te r  i s  a c t i v e l y  
c i r c u l a t i n g ,  HMC and a r a g o n i t e  c e m en ta t io n  can e f f e c t i v e l y  
o c c l u d e  p o r o s i t y ,  t h u s  impeding c i r c u l a t i o n  and p r e v e n t in g  
more ocean w a te r  from p e n e t r a t i n g  d e e p ly  i n t o  t h e  a t o l l .
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F ig u re  67.
Model f o r  Enewetak  d i a g e n e s i s .  Note i s o t o p i c  d i f f e r e n c e s  
between m arine  and m e t e o r i c  cem ents .  Also n o te  t h e  v e r t i c a l  
z o n a t io n  of  m arine  d i a g e n e s i s .
MODEL FOR ENEWETAK DIAGENESIS
Cement Geochemistry
Meteoric-Vadose
M e teo r ic -P h rea t ic
Z Z 2 Z
Marine
Aragonite
Zone
Aragonite S a t .  Depth
Marine
C a lc i te
Zone
C a lc i te  S a t .  Depth
Marine 
Dolomi t e  
Zone
D isso lu t ion
Minor; 
i r r e g u l a r  
and f a b r ic  
s e l e c t i v e
Cementation Sr
Minor; LMC; m i c r i t e ,  
m icrospar ,  e q u a n t- to -  
b laded ,  equant mosaic, 
uneven
0 . 0 2  -  
0.30
Mg
0 . 1 0  -  
0.30
_413C
-10 -5 .5  - 
-7 .5
In te n se ;  
mainly fab ­
r i c  s e l e c ­
t i v e  d i s s o l ­
u t ion  o f  
a rag o n i te
In ten se  near  w ater 
t a b l e ;  LMC; bladed & 
eq u a n t- to -b lad ed  
c ru s ts
0 .01 - 
0 .03
0.10 - 
0.30
- 8 - 1 -5 .5  - 
-7 .5
None Minor -  Abundant; HMC 
& a ra g o n i te ;  m i c r i t e ,  
f i b r o u s ,  bladed
0 .10  - 
1.00
0.02 - 
7.00
2 - 5 -2 .0  -  
2 .2
In te n se ;  
f a b r i c  s e l -  
t i v e  d i s s .  
o f  a ra g o n i te
Abundant c a l c i t e ;  
f ib ro u s  r a d i a x i a l ,  
and bladed
0.02 - 
0 .04
0.50 -  
1.80
0 - 3 - 2 .0  -  
1.0
V ariab le ;
d i s s o lu t io n
V ariab le ;  Dolomite 0.02 43 - 
45
2 - 3 2 .0  -  
4 .0
o f  c a l c i t e
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Zone of LMC S t a b i l i t y
At a dep th  of  a p p ro x im a te ly  3 00 m, t h e  modern P a c i f i c  
Ocean becomes u n d e r s a t u r a t e d  w i t h  r e s p e c t  t o  a r a g o n i t e  
(L i  e t  a l . ,  196 9 ;  S c h o l l e  e t  a l . ,  1983) .  At a dep th  of 
a p p r o x i m a t e l y  1 ,0 0 0  m, t h e  modern  P a c i f i c  Ocean becomes 
u n d e r s a t u r a t e d  w i t h  r e s p e c t  t o  c a l c i t e  (Li e t  a l . ,  1969; 
S c h o l l e  e t  a l . ,  1983) .  Between 300 m and 1,000 m, modern 
P a c i f i c  ocean w a te r s  a r e  in  a zone of LMC s t a b i l i t y  where 
a r a g o n i t e  s h o u l d  d i s s o l v e  and c a l c i t e  sh o u ld  p r e c i p i t a t e .  
I n  t h e  F - l  w e l l  between 375 and 820 m, a r a g o n i t e  has  been 
d i s s o l v e d ,  HMC has  been c o n v e r t e d  t o  LMC, and LMC cements 
a r e  a bundan t .  Much of t h e  LMC (marine)  cement i s  r a d i a x i a l  
c a l c i t e  which p r e c i p i t a t e d  abou t  t h e  same t im e  a s ,  or s h o r t l y  
a f t e r  a r a g o n i t e  d i s s o l u t i o n .  D i s s o l u t i o n  o f  a r a g o n i t e  
would c r e a t e  new v o id s  a l lo w in g  m ar ine  w a te r s  t o  c i r c u l a t e  
more d e e p l y  i n t o  t h e  a t o l l .  D i s s o l v e d  a r a g o n i t e  m ig h t  
a l s o  a c t  as  a so u rce  of ca lc ium  c a r b o n a t e  f o r  LMC cements .
Zone of  Dolomite S t a b i l i t y
Below a p p r o x i m a t e l y  1 ,0 0 0  m i n  t h e  modern P a c i f i c  
O cean ,  m a r in e  w a t e r s  a r e  u n d e r s a t u r a t e d  w i t h  r e s p e c t  t o  
c a l c i t e  b u t  s u p e r s a t u r a t e d  w i t h  r e s p e c t  t o  d o lo m i te  (Li 
e t  a l . ,  1969 ;  S c h o l l e  e t  a l . ,  1 983) .  T h e o r e t i c a l l y ,  when 
m arine  w a te r s  from below t h e  c a l c i t e  s a t u r a t i o n  dep th  flow
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t h r o u g h  deep  l i m e s t o n e s ,  c a l c i t e  (LMC) s h o u l d  d i s s o l v e  
and d o l o m i t e  s h o u l d  p r e c i p i t a t e .  D i s s o l u t i o n  of LMC and 
d o l o m i t i z a t i o n  a r e  obse rved  between 1 ,219 and 1,372 m deep 
i n  t h e  F - l  w e l l  and a t  a p p r o x i m a t e l y  1 ,250 m in  t h e  E - l  
w e l l .  A c t i v e  c i r c u l a t i o n  o f  d e e p  m a r i n e  w a t e r s  (below 
t h e  c a l c i t e  s a t u r a t i o n  dep th )  i s  p r o b a b ly  v i t a l  t o  e f f e c t i v e  
deep m ar ine  d i s s o l u t i o n  of c a l c i t e  and fo r m a t io n  of do lo m i te .  
Formation  of do lo m i te  i n  deep m ar ine  w a te r s  h a s  been p r e v i o u s ly  
d e s c r ib e d  n e a r  Bermuda by Friedman (1964) and in  t h e  M ed i te r ­
ranean  Sea by F o n te s  and D esfo rg es  (1975) .
D i s t r i b u t i o n  of  Marine D ia o e n e s i s
Marine d i a g e n e s i s  i s  p r i m a r i l y  dependent  on t h e  a c t i v e  
c i r c u l a t i o n  o f  m a r i n e  w a t e r s  t h r o u g h  c a r b o n a t e  s t r a t a .  
A c t iv e  m ar ine  c i r c u l a t i o n  sh o u ld  occur  i n  pe rm eable  l im e s to n e s  
a t  c o n t i n e n t a l  m a r g i n s ,  a t  t h e  s e a w a r d  edge  of  a t o l l s ,  
i n  s u b m a r in e  mounds and  i n  o t h e r  s i m i l a r  s e t t i n g s .  The 
s a t u r a t i o n  s t a t e  of  t h e  c i r c u l a t i n g  ocean  w a te r  w i l l  de te rm ine  
t h e  t y p e  o f  m a r in e  a l t e r a t i o n  t h a t  w i l l  o c c u r .  A rag o n i te  
and c a l c i t e  s a t u r a t i o n  de p th s  show s u b s t a n t i a l  v a r i a t i o n s  
i n  modern oceans  (Li e t  a l . ,  1969; S c h o l l e  e t  a l . ,  1983) .  
I f  a r a g o n i t e  and c a l c i t e  s a t u r a t i o n  l e v e l s  i n  a n c i e n t  oceans  
were sh a l lo w e r  th a n  p r e s e n t  day ,  t h e n  d i s s o l u t i o n  o f  a r a g o n i t e ,  
p r e c i p i t a t i o n  of  LMC, and d o l o m i t i z a t i o n  co u ld  t h e o r e t i c a l l y  
o c c u r  i n  s h a l l o w e r  m a r i n e  e n v i r o n m e n t s  t h a n  ob se rved  on 
Enewetak.
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COMPARISON OF ENEWETAK MODEL WITH ANCIENT CARBONATES
Many l i m e s t o n e s  have  fo rm ed  i n  mounds,  a t o l l s ,  and 
s h e l f - m a r g i n  s e t t i n g s  i n  which d i a g e n e t i c  a l t e r a t i o n  might  
be ana logous  t o  Enewetak. The Upper Devonian M ie t t e  b u i ld u p  
(Mattes and Mountjoy, 1980) and t h e  C re taceo u s  S t u a r t  C i ty  
t r e n d  of Texas (Bebout and Loucks, 1974) a r e  two such u n i t s  
t h a t  s u p e r f i c i a l l y  a p p e a r  t o  be s i m i l a r  t o  t h e  Cenozoic 
o f  E n ew e tak .  Cenozo ic  c a r b o n a t e s  of  Enewetak, t h e  M ie t te  
b u i l d u p ,  and t h e  S t u a r t  C i t y  t r e n d  a c c u m u l a t e d  i n  r e e f  
c o m p l e x e s  i m m e d i a t e l y  a d j a c e n t  t o  deep  m a r i n e  b a s i n s .  
D i a g e n e t i c a l l y , a l l  t h r e e  a p p a r e n t l y  have  some m e te o r i c  
and p r o b a b l y  much m a r i n e  d i a g e n e s i s ,  i n c lu d in g  r a d i a x i a l  
c e m e n ta t io n  (Mattes  and Mountjoy,  1980? Bebout and Loucks, 
1974) .  Northwest  of t h e  S t u a r t  C i ty  t r e n d ,  Lower C re taceou s  
s h e l f  c a r b o n a t e s  o f  t h e  G len  Rose F o r m a t i o n  accum ula ted  
and were p e r i o d i c a l l y  exposed t o  m e te o r i c  d i a g e n e s i s  ( P e t t a ,  
1977) .
M ie t t e  B u i ldup .  A l b e r t a
L ike  E n ew e tak ,  t h e  Upper Devonian M ie t te  b u i ld u p  was 
b a s i c a l l y  a c a r b o n a t e  p i n n a c l e  p r o j e c t i n g  up from a deep 
m arine  b a s in  (Mattes  and Mountjoy,  1980) .  As on Enewetak, 
m e t e o r i c  c e m e n ts  i n  t h e  b u i l d u p  a r e  g e n e r a l l y  a s s o c i a t e d  
w i t h  e x p o s u r e  s u r f a c e s .  M a t te s  and Mountjoy (1980) found
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no m e t e o r i c  c e m e n t a t i o n  a l o n g  t h e  m a r g in  o f  t h e  M i e t t e  
b u i l d u p .  Widespread r a d i a x i a l  c a l c i t e  g e n e r a l l y  p o s t d a t e s  
a r a g o n i t e  d i s s o l u t i o n ,  b u t  p r e c e d e s  c a l c i t e  d i s s o l u t i o n  
and d o l o m i t i z a t i o n  (Mattes  and Mountjoy, 1980) .  The M i e t t e ' s  
b a s i c  d i a g e n e t i c  s e q u e n c e  o f  (1) a r a g o n i t e  d i s s o l u t i o n ,  
(2) c a l c i t e  c e m e n t a t i o n ,  (3) c a l c i t e  d i s s o l u t i o n ,  and (4) 
d o l o m i t i z a t i o n  cou ld  be produced by m arine  d i a g e n e s i s  dur ing  
su bs id en ce  of t h e  b u i ld u p  th ro ug h  t h e  c a l c i t e  and do lom i te  
s t a b i l i t y  z o n e s  ( F i g .  67) . D o lo m i t e  abundance i n c r e a s e s  
w i t h  d e p t h  and t o w a r d  t h e  m arg ins  of t h e  b u i ld u p  (Mattes 
and M o u n t jo y ,  1980 , F i g s .  4 & 1 0 ) .  Such a d i s t r i b u t i o n  
of  d o lo m i te  would be exp ec te d  i f  d o l o m i t i z a t i o n  was caused 
by deep  m a r i n e  w a t e r s  c i r c u l a t i n g  t h r o u g h  t h e  b u i l d u p .  
R e l a t i v e  6 ^ C  and 6^®0 v a lu e s  f o r  e a r l y  (m e teo r ic )  c a l c i t e s ,  
r a d i a x i a l  c a l c i t e s ,  and m o s a i c  d o l o m i t e s  i n  t h e  M i e t t e  
b u i ld u p  a r e  s i m i l a r  t o  Enewetak (F ig .  68;  M at te s  and Mountjoy, 
1980) .
I t  i s  p o s s i b l e  t h a t  much o f  t h e  c a l c i t e  c em en ta t io n  
and d o l o m i t i z a t i o n  i n  t h e  M i e t t e  b u i l d u p  i s  n o t  m ar ine ,  
bu t  i s  a s s o c i a t e d  w i th  b a s i n a l  f l u i d s  e x p e l l e d  from nearby 
s h a l e s .  C a l c i t e s  and  d o l o m i t e s  a s s o c i a t e d  w i t h  b r i n e s  
e x p e l l e d  from b a s i n a l  s h a l e s  s h o u l d  be g r e a t l y  e n r i c h e d  
i n  i r o n  and  m an g a n ese  and h a v e  more r a d i o g e n i c  s t r o n t iu m  
i s o t o p e s  t h a n  c a l c i t e s  and d o lo m i t e s  formed i n  normal m arine  
w a t e r s  (Moore and  Druckman,  1981? Moore, 1 9 8 4 ) .  Marine 
c a l c i t e s  and d o l o m i t e s  s h o u l d  i n c o r p o r a t e  t h e  S r /8 6 s r  
r a t i o  c h a r a c t e r i s t i c  o f  s e aw a te r  a t  t h e  t im e  of  t h e i r  fo rm a t io n
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F ig u re  68.
S t a b l e  i s o t o p e  c o m p os i t io n  of d i a g e n e t i c  cements  and d o lo m i te  
in  t h e  M ie t t e  b u i ld u p  (d a ta  from M at tes  and Mountjoy,  1980) 
compared w i th  f i e l d s  f o r  Enewetak c a l c i t e  cements and d o lo m i te .  
Note t h a t  t h e  r e l a t i v e  6-^C -  p o s i t i o n s  o f  e a r l y  s p a r r y
c e m e n t s ,  r a d i a x i a l  c a l c i t e s  and  m o s a ic  d o l o m i t e  i n  t h e  
M i e t t e  b u i l d u p  a r e  s i m i l a r  t o  m e te o r i c  cements ,  r a d i a x i a l  
cements ,  and d o lo m i t e s  on Enewetak.
SC'»
STABLE ISOTOPIC 
C OM POSITION  OF 
DIAGENETIC ELEMENTS 
O N  ENEWETAK
RADIAXIAL CEMENTS
DOLOMITE
- 12 - 11- 1 0 - 9 - 7  — 6 \—5  - 4  - 3  - 2  - 1
-1
- 2
- 3
PLEISTOCENE
METEORIC
SPAR
- 1 0
- 1 1
-1 2
s”c
- 1 2  - 1 0  - 8  - 6  - 4  - 2
MIETTE
BUILDUP
2  4  6  8
a’fc
- 2
- 4
Average Values 
-6  ■ Mosaic Dolomite
•  Radiaxial C a lc i te
4  E arly  Sparry 
- i o  C a lc i te
-12
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(S teuber  e t  al.,  1984; Moore, 1984) .
Glen R o s e - S t u a r t  C i ty  Trend
The Enewetak d i a g e n e t i c  model might  a l s o  f i t  d i a g e n e t i c  
a l t e r a t i o n  i n  t h e  Lower C r e t a c e o u s  G len  Rose F o r m a t i o n  
and S t u a r t  C i t y  t r e n d  ( A c h a u e r ,  1977) . As on Enewetak, 
m e te o r i c  a l t e r a t i o n  can f r e q u e n t l y  be a s s o c i a t e d  w i th  nearby 
c a l i c h e s  and s u b a e r i a l  exposu re  s u r f a c e s  in  t h e  Glen Rose 
F o r m a t i o n  ( A c h a u e r ,  197 7 ;  A l l a n  and Matthews, 1982) .  In  
t h e  Glen  R o se ,  m e t e o r i c  d i a g e n e t i c  p r o d u c t s  a r e  s i m i l a r  
t o  t h o s e  on Enewetak  and commonly in c lu d e  d i s s o l u t i o n  of 
a r a g o n i t e  and fo r m a t io n  of e q u a n t - to - b l a d e d  cements (Achauer, 
1977 ;  P e t t a ,  19 7 7 ;  A l l a n  and  M a t th e w s ,  1 9 8 2 ) .  F i b r o u s  
and  m i c r i t i c  m a r i n e  c e m e n t s  a r e  p r e s e n t  on ly  in  pr imary 
i n t e r g r a n u l a r  v o id s  o f  t h e  Glen Rose s u g g e s t i n g  t h a t  m arine  
c em en ta t io n  o c c u r r e d  p r i o r  t o  a r a g o n i t e  d i s s o l u t i o n  ( P e t t a ,  
1977) .  No r a d i a x i a l  c a l c i t e  has  been r e p o r t e d  in  t h e  Glen 
Rose Formation  (Achauer, 1977) .
D i a g e n e t i c  a l t e r a t i o n  i n  t h e  S t u a r t  C i t y  t r e n d  i s  
q u i t e  s i m i l a r  t o  m a r i n e  d i a g e n e t i c  a l t e r a t i o n  o b s e r v e d  
i n  t h e  zone of c a l c i t e  s t a b i l i t y  on Enewetak (300 -  1 ,000 
m deep )  . In  p a r t s  o f  t h e  S t u a r t  C i ty  t r e n d  d e s c r i b e d  by 
Bebout  and Loucks (1974) and Achauer (1977) , d i s t i n c t i v e l y  
m e te o r i c  cements a r e  p r e s e n t ,  bu t  r a r e ,  and r a d i a x i a l  cements 
a r e  common. As on E new e tak ,  r a d i a x i a l  c a l c i t e s  o f  t h e  
S t u a r t  C i ty  t r e n d  f r e q u e n t l y  f i l l  vo id s  c r e a t e d  by a r a g o n i t e
315
d i s s o l u t i o n  (Bebout and Loucks, 1974) .  Achauer (1977) n o t e s  
t h a t  r a d i a x i a l  c e m e n ts  " p o s t d a t e  t h e  few o c c u r r e n c e s  of 
a u t h e n t i c  vadose  c a l c i t e  i n  S l ig o  r e e f s " .  Bebout and Loucks 
(1974) and  A c h au e r  (1977) d e c i d e d  t h a t  m e t e o r i c  w a t e r s  
w e re  p r o b a b l y  r e s p o n s i b l e  f o r  a r a g o n i t e  d i s s o l u t i o n  i n  
t h e  S t u a r t  C i ty  t r e n d .  Bebout and Loucks (1974) a l s o  su g g e s te d  
a m e t e o r i c - p h r e a t i c  o r i g i n  f o r  r a d i a x i a l  sp a r  because  of 
t h e  r a d i a x i a l  c e m e n t ' s  a s s o c i a t i o n  w i th  a r a g o n i t e  d i s s o l u t i o n .  
However, A c h au e r  (1977) s u p p o r t e d  an o r i g i n  of r a d i a x i a l  
c a l c i t e  by r e p l a c e m e n t  o f  a s y n s e d im e n ta ry  marine  cement 
i n  t h e  S t u a r t  C i ty  t r e n d .
D i f f e r e n t  r e s e a r c h  groups  have s t u d i e d  s t a b l e  i s o t o p e s  
of t h e  Glen Rose Form ation  and S t u a r t  C i ty  t r e n d .  In p a r t s  
o f  t h e  G len  Rose a l t e r e d  by m e te o r i c  w a t e r s ,  whole rocks  
s a m p le s  have  6-^C v a lu e s  of  - 3 . 4  t o  +0.6 and <5 v a lu e s  
of  - 4 . 7  t o  - 3 . 3  (A l lan  and Matthews, 1982) .  I n c l u s i o n - r i c h  
r a d i a x i a l  c e m e n t s  f rom t h e  S t u a r t  C i ty  t r e n d  have a mean 
61 8 0 v a l u e  o f  - 2 . 6  o / o o  (PDB) and  61 3 c  v a l u e s  o f  - 2 9 .1  
t o  + 3 .2  o / o o  (PDB). The t r e m e n d o u s  s c a t t e r  i n  S-^c  of 
t h e  S t u a r t  C i t y  r a d i a x i a l  s p a r s  s u g g e s t s  t h e  i n f l u e n c e  
o f  b a s i n a l ,  m e t h a n o g e n i c  c a r b o n .  I s o t o p i c  a n a l y s e s  o f  
whole rock sam ples  a l t e r e d  i n  m e te o r i c  w a te r s  a r e  d i f f i c u l t  
t o  compare w i th  m e te o r i c  cements from Enewetak and r a d i a x i a l  
s p a r s  o f  t h e  S t u a r t  C i t y  t r e n d .  R a d i a x i a l  c a l c i t e s  o f  
t h e  S t u a r t  C i ty  t r e n d  appea r  t o  have h e a v i e r  s t a b l e  oxygen 
i s o t o p e s  th a n  m e te o r i c  c a l c i t e s  s u g g e s t i n g  a m ar ine  o r i g i n  
f o r  t h e  r a d i a x i a l  c e m e n t ;  however ,  t h e  d i f f e r e n c e  i s  n o t
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s u b s t a n t i a l .  A s i n g l e ,  i n t e g r a t e d  s tu d y  of Lower C re taceous  
c e m e n t s  m ig h t  r e v e a l  more  d i s t i n c t  i s o t o p i c  d i f f e r e n c e s  
b e tw e e n  G len  Rose m e te o r i c  cements  and r a d i a x i a l  c a l c i t e s  
of  t h e  S t u a r t  C i ty  t r e n d .
I t  i s  p o s s i b l e  t h a t  some a r a g o n i t e  d i s s o l u t i o n  and 
a l l  r a d i a x i a l  c e m en ta t io n  in  t h e  S t u a r t  C i ty  t r e n d  o c cu r red  
i n  a c t i v e l y  c i r c u l a t i n g  m arine  w a te r s  below t h e  a r a g o n i t e  
s a t u r a t i o n  d e p t h .  However,  many o t h e r  a l t e r n a t i v e s  a r e  
p o s s i b l e  i n c lu d in g  d i a g e n e s i s  in  f r e s h  w a te r  and in  b r i n e s  
e x p e l l e d  from b a s i n a l  e v a p o r i t e s  and s h a l e s .  As d i s c u s s e d  
i n  t h e  p r e v i o u s  s e c t i o n  on t h e  M ie t t e  b u i ld u p ,  t o o l s  such 
as  s t r o n t iu m  i s o t o p e s  and t r a c e  e le m e n t s  ( e s p e c i a l l y  manganese 
and i r o n )  may be used t o  d i s t i n g u i s h  d i a g e n e s i s  i n  su b s u r fa c e  
b r i n e s  from d i a g e n e s i s  i n  m a r i n e  w a t e r .  F u r t h e r  s t a b l e  
i s o t o p e  s t u d i e s  m igh t  a l low  f r e s h  w a te r  d i a g e n e t i c  c a l c i t e s  
t o  be c o n f i d e n t l y  d i s t i n g u i s h e d  f rom  m a r i n e  d i a g e n e t i c  
c a l c i t e s  in  t h e  Lower C re ta ce o u s  of  Texas.
CONCLUSIONS
Many d i f f e r e n t  t y p e s  o f  d i a g e n e t i c  a l t e r a t i o n  a r e  
observed  i n  Cenozoic  c a r b o n a t e s  of  Enewetak. In  P l e i s t o c e n e  
s t r a t a ,  m e t e o r i c  d i a g e n e s i s  i s  d o m in a n t  b u t  v a r i a b l e .  
I n t e r v a l s  of  i n t e n s e  c e m e n ta t io n ,  d i s s o l u t i o n ,  and neomorphism 
a l t e r n a t e  w i th  p o o r ly -c e m e n te d ,  s l i g h t l y  a l t e r e d  P l e i s t o c e n e  
s t r a t a .  I n t e n s e  d i a g e n e t i c  a l t e r a t i o n  i s  g e n e r a l l y  r e l a t e d  
t o  s u b a e r i a l  ex po su re  s u r f a c e s  and P l e i s t o c e n e  w a te r  t a b l e s .  
W hile  CaCOj i s  r e d i s t r i b u t e d  by m e te o r i c  p r o c e s s e s ,  t h e r e  
i s  l i t t l e  n e t  r e d u c t i o n  in  p o r o s i t y  by m e te o r i c  p r o c e s s e s  
in  P l e i s t o c e n e  l i m e s t o n e s  as  a whole .
In  Lower Miocene and Upper Eocene s t r a t a  on Enewetak, 
d i a g e n e t i c  a l t e r a t i o n  o c c u r s  p r i m a r i l y  in  m ar ine  w a te r s  
n e a r  t h e  m a r g in  o f  t h e  a t o l l .  In  Lower M iocene  s t r a t a  
o f  t h e  F - l  w e l l ,  r a d i a x i a l  c a l c i t e  commonly f i l l s  p r imary  
vo ids  and secondary  v o id s  c r e a t e d  by a r a g o n i t e  d i s s o l u t i o n .  
The s t a b l e  i s o t o p e  co m p o s i t io n  of  Enewetak r a d i a x i a l  sp a r  
c l e a r l y  i n d i c a t e s  i t  i s  m ar ine  in  o r i g i n .  A l a c k  of  m e te o r i c  
c a l c i t e  i n  m ost  o f  t h e  Lower M iocene s u g g e s t s  t h a t  t h e  
p e r v a s i v e  d i s s o l u t i o n  of a r a g o n i t e  o c c u r r e d  i n  m ar ine  w a te r s  
below t h e  a r a g o n i t e  s a t u r a t i o n  d e p th .  T h e r e f o r e ,  r a d i a x i a l  
c e m e n t a t i o n  a l s o  p r o b a b l y  o c c u r r e d  below t h e  a r a g o n i t e  
s a t u r a t i o n  d e p th .  In  most sam ples ,  abundant  m ar ine  cements 
( r a d i a x i a l  c a l c i t e s )  a r e  very  e f f e c t i v e  in  r ed u c in g  o r i g i n a l  
p o r o s i t y .  In  Upper Eocene s t r a t a  of t h e  F - l  w e l l ,  d i a g e n e s i s
i s  o f t e n m i n o r .  While a r a g o n i t e  has  been p e r v a s i v e l y  d i s s o l v e d ,
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c a l c i t e  cem en ta t io n  (p robab ly  marine)  i s  m inor .  More e x t e n s i v e  
c a l c i t e  c e m e n t a t i o n  i n  Lower Miocene s t r a t a  o f  t h e  F - l  
w e l l  p r o b a b l y  r e f l e c t s  Lower Miocene s t r a t a  h a v in g  
more a c t i v e  m a r i n e  c i r c u l a t i o n  t h a n  Upper Eocene s t r a t a .  
D o lo m i t i z a t i o n  i s  common in  deeper  p a r t s  of t h e  Upper Eocene 
o f  E new e tak .  Deep Enew etak  d o l o m i t e  a p p a r e n t l y  form ed 
in  deep m ar ine  w a te r s  c i r c u l a t i n g  th ro u g h  t h e  a t o l l .  Where 
n o t  e x t e n s i v e l y  d o l o m i t i z e d ,  Upper Eocene s t r a t a  of th e  
F - l  w e l l  have  r e t a i n e d  much of  t h e i r  o r i g i n a l  p o r o s i t y .
The d i s t r i b u t i o n  o f  m e t e o r i c  d i a g e n e s i s  i s  c l o s e l y  
r e l a t e d  t o  s u b a e r i a l  exposure  s u r f a c e s .  For example, most 
Lower Miocene and Upper Eocene s t r a t a  a r e  w e l l  below unconform­
i t i e s  and have n o t  s u f f e r e d  n o t i c e a b l e  m e te o r i c  a l t e r a t i o n .  
The seaward m arg ins  o f  t h e  Enewetak A t o l l  have s i g n i f i c a n t  
m a r i n e  d i a g e n e t i c  a l t e r a t i o n  e x te n d in g  t o  d e p th s  of  over 
1 ,3  00 m because  of a c t i v e l y  c i r c u l a t i n g  ocean  w a te r  a s s o c i a t e d  
w i t h  t i d a l  pumping o r  t h e r m a l  c o n v e c t io n  (Swartz ,  1958) .  
M ar ine  d i a g e n e t i c  a l t e r a t i o n  t e n d s  t o  d e c r e a s e  i n t o  l e s s  
p e r m e a b l e  b a c k - r e e f  and l a g o o n - m a r g i n  s t r a t a  away from 
t h e  s e a w a rd  m a r g in  o f  t h e  a t o l l .  A t o l l  c a r b o n a t e s  t h a t  
have nev e r  been exposed t o  m e te o r i c  w a te r  or  a c t i v e l y  c i r ­
c u l a t i n g  m a r i n e  w a t e r  show l i t t l e  d i a g e n e t i c  a l t e r a t i o n  
e x c e p t  c o m p a c t i o n .  I n  g r a i n s t o n e s  t h a t  a r e  w e l l  below 
s u b a e r i a l  exposu re  s u r f a c e s  and away from t h e  a t o l l  margin ,  
c em en ta t io n  i s  minor and p r im ary  p o r o s i t y  can remain l a r g e  
( o f t e n  more th a n  30%).
In  summary, Cenozoic  c a r b o n a te s  on .Enewetak i l l u s t r a t e
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t h a t  bo th  m ar ine  and m e t e o r i c  d i a g e n e s i s  can be very  e f f e c t i v e  
i n  t r a n s f o r m i n g  o r i g i n a l  HMC and a r a g o n i t e  sed im en ts  i n t o  
more s t a b l e  LMC and  d o l o m i t e .  Using p e t r o g r a p h y ,  s t a b l e  
i s o t o p e s ,  s t r o n t iu m  i s o t o p e s ,  and t r a c e  e l e m e n t s ,  t h e  p r o d u c t s  
o f  m a r i n e  a n d  m e t e o r i c  d i a g e n e s i s  c a n  g e n e r a l l y  be 
d i s t i n g u i s h e d .  B e ca u se  t h e  d i s t r i b u t i o n  o f  d i a g e n e t i c  
a l t e r a t i o n  i n  m e t e o r i c  s y s t e m s  i s  much d i f f e r e n t  t h a n  in  
m a r i n e  s y s t e m s ,  r e c o g n i t i o n  and s e p a r a t i o n  of  th e  two a r e  
im p o r ta n t  t o  t h e  p r e d i c t i o n  of  p o r o s i t y  in  a n c i e n t  c a rb o n a te  
r o c k s .
REFERENCES CITED
320
Achauer,  C .A . , 1977,  C o n t r a s t s  in  c e m e n ta t io n ,  d i s s o l u t i o n ,  
and p o r o s i t y  development  between two Lower Cre taceous  
r e e f s  o f  T e x a s ,  i n  B e b o u t ,  D.G. and L o u c k s ,  R . G . , 
e d s . , C re ta ce o u s  C arbo n a tes  of  Texas and Mexico: Univ. of 
T e x a s ,  A u s t i n ,  B u reau  o f  Economic G e o lo g y ,  R e p o r t  
of I n v e s t i g a t i o n s  No.89, p . 127-137.
A ha ro n ,  P . ,  1983 , A n a l y s i s  of  t h e  anomalous 180 / 160 and 
D/H i s o t o p e  r a t i o s  in  t r o p i c a l  r a i n f a l l  over  t h e  w e s te rn  
P a c i f i c  Ocean: EOS, v . 6 4 ,  n o . 18, p . 106.
A h a ro n ,  P . ,  K o lo d ny ,  Y. and S a s s ,  E. , 1 97 7 ,  R e c e n t  h o t  
b r i n e  d o l o m i t i z a t i o n  i n  t h e  " S o l a r  L a k e " ,  G u l f  o f  
E l a t .  I s o t o p i c ,  c h e m ic a l  and m i n e r a l o g i c a l  s t u d y :  
J o u r .  Geology, v . 8 5 ,  p . 27-48.
A l l a n ,  J . R .  , and M a t th e w s ,  R .K . ,  1977, Carbon and oxygen 
i s o t o p e s  a s  d i a g e n e t i c  and s t r a t i g r a p h i c  t o o l s :  s u r f a c e  
and s u b s u r f a c e  d a t a ,  B a rb ad o s ,  West I n d i e s :  Geology,  
v . 5 ,  p . 16-20.
_________ , 1 9 8 2 ,  I s o t o p i c  s i g n a t u r e s  a s s o c i a t e d  w i th  e a r l y
m e te o r i c  d i a g e n e s i s :  S e d im en to log y , v .2 9 ,  p . 797-817.
A n d e r s o n ,  T . F . ,  and A r t h u r ,  M.A. , 1983 , S t a b l e  i s o t o p e s  
of  oxygen and c a rbon  and t h e i r  a p p l i c a t i o n  t o  se d im en t-  
o l o g i c  and p a l e o e n v i r o n m e n t a l  p r o b l e m s ,  i n  A r t h u r ,  
M .A . , e d . , S t a b l e  I s o t o p e s  i n  S e d i m e n t a r y  G eo lo g y :  
SEPM S h o r t  Course #10,  p . 1 - 1 — 1-151 .
321
Ando, A . ,  Kruasawa, H . , Ohmori, T . , and Takeda, E . , 1971, 
C o m p i l a t i o n  o f  d a t a  on r o c k  s t a n d a r d s  JG-1 and JB-1 
i s s u e d  from t h e  G e o lo g ic a l  Survey of  J a p a n :  Geochemical 
J o u r n a l ,  v . 5 ,  p . 151-164.
B ack ,  W ., and Hanshaw, B . B . , 1978 ,  H y d ro g e o c h e m is t ry  of 
t h e  n o r t h e r n  Yucatan p e n i n s u l a ,  Mexico w i th  a s e c t i o n  
on Mayan w a t e r  p r a c t i c e s ,  i n  Ward, W.C. and W eidie ,  
A . E . ,  e d s .  , G eo logy  and H y d ro lo g y  o f  N o r t h e a s t e r n  
Yucatan:  New O r le a n s  G e o lo g ic a l  S o c i e t y ,  p . 229-261.
Baker,  P . A . , G ie sk es ,  J . M . , and E l d e r f i e l d ,  H . , 1982,  D iag en e s i s  
o f  c a r b o n a t e s  i n  d e e p - s e a  s e d i m e n t s - e v i d e n c e  from 
S r /C a  r a t i o s  and  i n t e r s t i t i a l  d i s s o l v e d  S r ^ + d a t a :  
J o u r .  Sed. P e t r o lo g y ,  v . 5 2 ,  p . 71-82 .
Baker,  P.A. and K a s tn e r ,  M., 1981, C o n s t r a i n t s  on t h e  fo rm a t io n  
of  sed im en ta ry  d o lo m i te :  S c i e n c e ,  v .2 1 3 ,  p . 214-216.
B a t h u r s t ,  R .G . C . ,  1 9 5 9 ,  The c a v e r n o u s  s t r u c t u r e  of some 
M i s s i s s i p p i a n  S t r o m a t a c t i s  r e e f s  i n  L a n c a s h i r e ,  England: 
J o u r .  Geology, v . 6 7 ,  p . 506-521.
_________ , 1 9 7 5 ,  C a r b o n a te  se d im en ts  and t h e i r  d i a g e n e s i s ,
2nd e d . : Developments in  Sedimentology No.12,  E l s e v i e r ,  
Amsterdam, 658p.
__________ , 1 9 7 7 ,  O r d o v i c i a n  M e i k l e j o h n  b i o h e r m ,  Nevada:
Geology Mag., v .1 1 4 ,  p . 308-311.
B e a c h ,  D .K . ,  1 9 82 ,  D e p o s i t i o n a l  and  d i a g e n e t i c  h i s t o r y  
o f  P I i o - P l e i s t o c e n e  c a r b o n a t e s  o f  t h e  n o r t h w e s t e r n  
G r e a t  Bahama Bank;  E v o lu t io n  of  a c a r b o n a te  p l a t f o r m  
[ P h .D .T h e s i s ] : Cora l  G ab les ,  F l o r i d a ,  Univ. Miami,600p.
322
B e b o u t ,  D .G . ,  and L o u c k s ,  R . G . , 1974, S t u a r t  C i ty  Trend, 
Lower C re ta c e o u s ,  South Texas:  Univ.  of Texas ,  A u s t in ,  
B ureau  o f  Economic G eology ,  R epor t  of I n v e s t i g a t i o n s  
No.78, p . 1 -80 .
B e b o u t ,  D . G . , S c h a t z i n g e r ,  R .A . ,  and Loucks, R .G . , 1977, 
P o r o s i t y  d i s t r i b u t i o n  in  t h e  S t u a r t  C i ty  Trend,  Lower 
C r e t a c e o u s ,  S o u th  T e x a s ,  i n  C r e t a c e o u s  C a r b o n a t e s  
o f  Texas  and M ex ico :  Univ. of Texas,  A u s t in ,  Bureau
o f  Economic G e o lo g y ,  Repor t  of I n v e s t i g a t i o n s  No.89, 
p . 234-259.
Behrens ,  E.W. and Land, L . S . ,  1972, S u b t i d a l  Holocene d o lo m i te ,  
B a f f in  Bay, Texas:  J o u r .  Sed. P e t r o l o g y , v . 42,  p . 155-161.
B enso n ,  L . V . , A c h a u e r ,  C .W . , and M a t th e w s ,  R . K . ,  1 9 7 2 ,  
E l e c t r o n  m i c r o p r o b e  a n a l y s e s  o f  magnesium and i r o n  
d i s t r i b u t i o n  i n  c a r b o n a t e  cements and r e c r y s t a l l i z e d  
s e d i m e n t  g r a i n s  f rom a n c i e n t  c a r b o n a t e  r o c k s :  J o u r .  
Sed. P e t r o lo g y ,  v . 4 2 ,  p . 803-811.
B e rn e r ,  R .A . , 1965, D o l o m i t i z a t i o n  of  t h e  m i d - P a c i f i c  a t o l l s :  
S c ie n c e ,  v .1 4 7 ,  p . 1297-1299.
B h a t t a c h a r y y a ,  A . ,  and Friedman, G.M., 1979, Exper im enta l  
c o m p a c t io n  o f  o o id s  and l im e  mud and i t s  i m p l i c a t i o n  
f o r  l i t h i f i c a t i o n  d u r in g  b u r i a l :  J o u r .  Sed. P e t r o lo g y ,  
v . 4 9 ,  p . 1279-1286.
B o d e r g a t ,  A .M .,  1 9 7 4 ,  Les m ic ro co d iu m s ,  m i l i e u x  e t  modes 
de d e v e lo p p e m e n t :D o c u m .  Lab.  G e o l . F a c .  S c i .  Lyons, 
v . 6 2 ,  p . 137-235.
323
B r a n d ,  U . , and V e i z e r ,  J . , 1 9 8 0 ,  C hem ica l  d i a g e n e s i s  of 
a m u l t i c o m p o n e n t  c a r b o n a t e  sy s tem -1 :  Trace  e le m en ts :  
J o u r .  Sed. P e t r o l o g y ,  v .5 0 ,  p . 1219-1236.
Brock, F . C . ,  J r . ,  and Moore, C .H . ,  J r . ,  1981, Walker Creek 
r e v i s i t e d :  a r e i n t e r p r e t a t i o n  o f  t h e  d i a g e n e s i s  o f  
t h e  S m a c k o v e r  f o r m a t i o n  o f  W a l k e r  C r e e k  f i e l d ,  
A r k a n s a s :  T r a n s .  G u l f  C o a s t  Assoc.  Geol.  S o c . , v .3 1 ,  
p . 49-58 .
Budd, D . , 1 9 8 4 ,  F r e s h w a t e r  d i a g e n e s i s  o f  H o lo c en e  o o id  
s a n d s ,  S c h o o n e r  Cays Bahamas [Ph.D. t h e s i s ] :  A u s t in ,  
Texas,  Univ. of Texas,  in  p r e p .
B u d d e m e ie r ,  R.W. , 1976 ,  The hydrogeochem is t ry  of Enewetak 
A t o l l :  Annual  R e p o r t ,  1975-76 f o r  E.R.D.A. c o n t r a c t
E - ( 2 6 -1 ) -6 4 1 ,  Hawaii I n s t i t u t e  of Geophysics .
Buddemeier ,  R.W., and H o l laday ,  G . , 1977, A t o l l  hydro logy:  
i s l a n d  groundwater  c h a r a c t e r i s t i c s  and t h e i r  r e l a t i o n s h i p  
t o  d i a g e n e s i s :  P roceed in gs  of t h e  T h ird  I n t e r n a t i o n a l  
Coral  Reef Symposium, v . 2 ,  p .  167-173.
B u rk e ,  W .H. ,  D e n i s o n ,  R .E . ,  H e th e r in g to n ,  E .A . , Koepnick, 
R . B . ,  N e l s o n ,  H . F . ,  and  O t t o ,  J . B . ,  1982, V a r i a t i o n  
of  seaw a te r  8^Sr/®®Sr th rou g h o u t  P hane rozo ic  time: Geology, 
v .1 0 ,  n o . 10,  p . 516-519
Chave,  K .E . ,  D e f fey s ,  K .S . ,  Weyl, P. K . , G a r r e l s ,  R.M. and 
Thompson, M .E . ,  1 9 6 2 ,  O b s e rv a t io n s  on t h e  s o l u b i l i t y  
o f  s k e l e t a l  c a r b o n a t e s  in  aqueous s o l u t i o n s :  S c ien c e ,  
v .1 3 7 , p . 33-34 .
324
C lay to n ,  R .N . , Jo n e s ,  B .P . ,  and B e rn e r ,  JR.A . ,  1968, I s o to p e  
s t u d i e s  of  d o lo m i te  fo r m a t io n  under sed im e n ta ry  c ond i ­
t i o n s :  Geochim. Cosmochim. A cta ,  v . 3 2 ,  p . 415-432.
C o l e ,  W .S . ,  1 9 57 ,  L arge r  F o r a m in i f e r a  from Eniwetok d r i l l  
h o l e s :  U.S. Geol .  Survey P r o f .  Paper 260-V, p . 742-784.
C o l l i n s ,  G . A . , 1 9 7 4 ,  G e o c h e m is t r y  o f  l i q u i d s ,  g a se s  and 
r o c k s  f rom t h e  Smackover  fo r m a t io n :  U.S. Bur. Mines
Dept.  Inv .  7897, 84p.
Coogan,  A .H . ,  1 97 0 ,  M e a s u re m e n t s  of compaction in  o o l i t e  
g r a i n s t o n e s :  J o u r .  Sed. P e t r o lo g y ,  v . 4 0 ,  p . 921-929.
C o n l e y ,  C . D . ,  1 9 7 7 ,  O r i g i n  o f  d i s t o r t e d  o o l i t h s  and 
p i s o l i t h s :  J o u r .  Sed. P e t r o l o g y ,  v . 4 7 ,  p . 554-564.
Couch, R . F . ,  J r . ,  F e t z e r ,  J . A . , G o te r ,  E . B . , R i s t v e t ,  B . L . , 
Tremba, E . L . , W a l te r ,  D .R . , and Wendland, V . P . ,  1975, 
D r i l l i n g  O p e r a t i o n s  o f  Eniwetak A t o l l  d u r in g  P r o j e c t  
EXPOE: AFWL-TR-75-216 ,  27Op.
C r a i g ,  H. , 1 9 6 5 ,  The m easu rm en t  of oxygen i s o t o p e  p a l e o -  
t e m p e r a t u r e s ,  i n  T o n g i o r g i ,  E . , e d . , S t a b l e  I s o t o p e s  
i n  Oceanographic  S t u d i e s  and P a l e o t e m p e r a t u r e s :  C o n s ig l io  
N a z i o n a l e  d e l l e  R i c h e r c h e ,  L a b o r a t o r i o  de G e o l o g i a  
N u c lea re ,  P i s a ,  p . 161-182.
Crickmay,  G.W., 1945, P e t ro g rap hy  and l i m e s t o n e s ,  i n  Ladd, 
H . S . ,  and H o f f m e i s t e r ,  J . E . , 1 9 4 5 ,  G eology  o f  Lau, 
F i j i :  B e rn ic e  P. B ishop Museum B u l l . , v .1 8 1 ,  p . 211-250.
Cunningham, K. J .  , 1981 ,  The d e p o s i t i o n  and d o l o m i t i z a t i o n  
o f  t h e  B a s a l  Cupido  f o r m a t i o n  a t  S i e r r a  de P a j a r o s  
A z u l e s ,  C o a h u i l a ,  Mexico [M.S. T h e s i s ] :  Baton  Rouge,
325
L o u is ia n a ,  L o u i s i a n a  S t a t e  U n i v . , 142p.
D a v ie s ,  G .R . , 1977, Former magnesium c a l c i t e  and a r a g o n i t e  
s u b m a r i n e  c e m e n t s  i n  u p p e r  P a l e o z o i c  r e e f s  o f  t h e  
Canadian A r t i e :  a summary: Geology, v . 5 ,  p . 11-15.
Degen, E . T . , and E p s t e i n ,  S. 1964, Oxygen and carbon  i s o t o p i c  
r a t i o s  i n  c o e x i s t i n g  c a l c i t e s  and d o lo m i te s  from r e c e n t  
a n d  a n c i e n t  s e d i m e n t s :  Geochim .  Cosmochim. A c t a ,
v .2 8 ,  p . 23-44.
Dickson,  J .A .D .  , 1983 , G ra p h ic a l  m o d e l l in g  o f  c r y s t a l  a g g re g a t e s  
and i t s  r e l e v a n c e  t o  cement d i a g n o s i s :  P h i l .  T ran s .  R. 
Soc. London, v .3 0 9 ,  p . 465-502.
Dickson,  J . A . D . , and Coleman, M.C., 1980, Changes i n  carbon 
a n d  o x y g e n  i s o t o p e  c o m p o s i t i o n  d u r i n g  l i m e s t o n e  
d i a g e n e s i s :  Sedimentology , v . 2 7 ,  p . 107-118.
Dunham, R . J .  , 196 9 a ,  E a r l y  vadose  s i l t  i n  Townsend mound 
( r e e f ) ,  New Mexico, I n  G.M. Friedman, e d . , D e p o s i t io n a l  
E n v i r o n m e n t s  i n  C a r b o n a t e  R o c k s :  a Symposium: S oc .  
Econ.  P a l e o n t o l o g i s t s  M i n e r a l o g i s t s  Spec. P u b l .  No.14, 
p . 139-181.
_________ , 1 9 6 9 b ,  V adose  p i s o l i t e s  i n  t h e  C a p i t a n  Reef
(P e rm ia n ) , New Mexico and Texas ,  I n  D e p o s i t io n a l  Environ­
ments i n  C arbona te  Rocks: a symposium: Soc. Econ. Paleon­
t o l o g i s t s  M i n e r a l o g i s t s  Spec. Pub l .  No.14,  p . 139-181.
_________ , 1 9 7 1 ,  M e n isc u s  c e m e n t ,  i n *  O .P .  B r i c k e r ,  e d . ,
C a r b o n a t e  C e m e n ts :  J o h n s  H opk ins  P r e s s ,  B a l t i m o r e ,
M d . , p . 2 9 7 - 3 0 0 .
326
D u n n i n g t o n ,  H . V . , 1 9 6 7 ,  A s p e c t s  o f  d i a g e n e s i s  and shape 
c h a n g e  i n  s t y l o l i t i c  l i m e s t o n e  r e s e r v o i r s :  World  
P e t r o l .  Cong. P r o c . , Mexico, 1967, v . 2 ,  p . 339-352.
E b h a r d t ,  G. , 1 9 6 8 ,  E x p e r i m e n t a l  c o m p a c t io n  o f  c a r b o n a t e  
s e d i m e n t s ,  i n  M u l l e r ,  G. , and Friedman,  G.M., e d s . , 
R e c e n t  D e v e l o p m e n t s  i n  C a r b o n a t e  S e d i m e n t o lo g y  in  
C e n t r a l  Europe:  New York, S p r in g e r -V e r l a g ,  p . 58-65.
Emery, K .O . , T racey ,  J . I . ,  J r . ,  and Ladd, H . S . , 1954, Geology 
of B i k in i  and nearby  a t o l l s : U.S.  Geol .  Survey P r o f .  Paper 
260-A, 265p.
E m r ich ,  K. , E n h a l t ,  D .H . ,  and V o g e l ,  J . C . ,  1970, Carbon 
i s o t o p e  f r a c t i o n a t i o n  d u r i n g  t h e  p r e c i p i t a t i o n  o f  
c a l c i u m  c a r b o n a t e :  E a r t h  P l a n e t .  S c i .  L e t t e r ,  v . 8 ,
p . 363-371.
E s t e b a n ,  M., and P ra y ,  L .C . ,  1977, O r ig in  o f  t h e  p i s o l i t e  
f a c i e s  o f  t h e  s h e l f  c r e s t ,  in  Permian B as in  S e c t io n ,  
SEPM, 1977 F i e l d  Conference  Guidebook, Upper Guadalupian 
F a c i e s ,  P e rm ia n  R eef  Complex, Guadalupian Mountains, 
New Mexico and West Texas ,  p . 479-483.
F a u r e ,  G . , 1 9 7 7 ,  P r i n c i p l e s  o f  I s o t o p e  G e o lo g y :  W i l e y ,  
New York, 464p.
F o l k ,  R . L . ,  1 96 5 ,  Some a s p e c t s  o f  r e c r y s t a l l i z a t i o n  i n  
a n c i e n t  l i m e s t o n e s ,  i n  L .C .  P ra y  and R .C .  M urray ,  
e d s . ,  D o l o m i t i z a t i o n  and Limestone D ia g e n e s i s :  a Symposium: 
Soc .  Econ.  P a l e o n t o l o g i s t s  M i n e r a l o g i s t s  Spec. Publ .  
No.13 ,  p . 14-48.
327
Fo lk ,  R. L . , 1974,  The n a t u r a l  h i s t o r y  of c r y s t a l l i n e  calc ium 
c a r b o n a t e :  e f f e c t  o f  magnesium c o n te n t  and s a l i n i t y :  
J o u r .  Sed. P e t r o l o g y ,  v . 4 4 ,  p . 4 0 -5 3 .
F o n t e s ,  J . C . ,  and D e s f o r g e s ,  G . , 1975, Oxygen 18,  carbon 
1 3 ,  and r a d i o c a r b o n  a s  i n d i c a t o r s  o f  a Wurmian co ld  
and deep d i a g e n e s i s  in  w e s te rn  M e d i te r ran e an  c a rb o n a te  
s e d im e n ts :  9 th  I n t e r n a t i o n a l  S e d im e n to lo g ic a l  Congress ,
Nice,  v . 8 ,  p . 29 -35 .
F r a n k ,  J . R . ,  C a r p e n t e r ,  A . B . ,  and O g l e s b y ,  T .W . , 1982 ,  
C a th o d o lu m in e sc en c e  and c o m p o s i t io n  o f  c a l c i t e  cement 
in  t h e  Taum Sauk Limestone  (Upper C am br ian ) , S o u th e a s t  
M is s o u r i :  J o u r .  Sed. P e t r o lo g y ,  v . 5 2 ,  p . 631-638.
F r i e d m a n ,  G.M.,  1 9 6 4 ,  E a r l y  d i a g e n e s i s  and l i t h i f i c a t i o n  
i n  c a r b o n a t e  s e d i m e n t s :  J o u r .  Sed. P e t r o lo g y ,  v .3 4 ,
p . 777-813.
Fr iedm an ,  I .  and O 'N e i l ,  J . R . , 1977, C om pi la t ion  of  s t a b l e  
i s o t o p e  f r a c t i o n a t i o n  f a c t o r s  o f  g e o c h e m i c a l  
i n t e r e s t :  U.S.  Geol .  Survey P r o f .  Paper  440-K, 12p.
F r i t z ,  P. and  K a t z ,  A . ,  1 9 7 2 ,  The sodium d i s t r i b u t i o n  of 
do lom i te  c r y s t a l s :  Chem. Geology, v . 1 0 ,  p . 237-244.
F r i t z ,  P. and Smith,  D.G.W., 1970, The i s o t o p i c  c om pos i t ion  
o f  s e c o n d a r y  d o l o m i t e s :  Geochim. e t  Cosmochim. Acta ,
v . 3 4 ,  p . 1161-1173.
F r u t h ,  L . , J r . ,  Ormec, J . , and Donath, F . , 1966, Exper im enta l  
c o m p a c t io n  e f f e c t s  i n  c a r b o n a t e  s e d im e n ts :  J o u r .  Sed. 
P e t r o lo g y ,  v . 3 6 ,  p . 747-754.
328
F u c h t b a u e r ,  H. , and H a r d i e ,  L . A . , 1 97 6 ,  E x p e r i m e n t a l l y  
d e t e r m i n e d  homogeneous d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  
p r e c i p i t a t e d  magnesium c a l c i t e s :  a p p l i c a t i o n  t o  m arine  
c a r b o n a t e  c e m e n t s  ( a b s t . ) :  G e o l .  Soc. America Annual 
m ee t ing ,  A b s t r a c t s  With Programs, v . 8 ,  p . 877.
G a r r e l s ,  R.M. and C h r i s t ,  C . L . , 1965, S o l u t i o n s ,  M in e ra l s ,  
and E q u i l i b r i a :  New York, N .Y . , Harper  and Row, 450p.
G a r r i s o n ,  R . E . , 1 9 7 2 ,  I n t e r -  and i n t r a p i l l o w  l i m e s t o n e s  
o f  t h e  Olympic  P e n i n s u l a ,  W a s h i n g t o n : J o u r . Geology, 
v . 80, p . 310-322.
Gavish ,  E . , and Friedman, G.M., 1969, P r o g r e s s iv e  d i a g e n e s i s  
in  Q u a te rn a ry  t o  L a te  T e r t i a r y  c a r b o n a t e  se d im e n ts :  sequ ­
e n c e  a n d  t i m e  s c a l e :  J o u r .  S e d .  P e t r o l o g y ,  v . 3 9 ,  
p . 980-1006.
Goff ,  S .K . ,  1979, E a r ly  c a r b o n a te  cem en ta t io n  and d i a g e n e s i s  
a s  r e l a t e d  t o  t h e  p r e s e n t  s u r f i c i a l  w a t e r  r e g i m e ,  
E n g e b i  I s l a n d ,  Enewetak  A t o l l :  A p p l i e d  C a r b o n a t e
Research  Program Tech.  S e r i e s  C o n t r i b u t i o n  1, L o u is ia n a  
S t a t e  U n i v e r s i t y ,  83p.
Goldsmith ,  J .R .  and G r a f ,  D . L . , 1958, S t r u c t u r a l  and composi­
t i o n a l  v a r i a t i o n s  i n  some n a t u r a l  d o lo m i t e s :  Jou r .  Geology, 
v .6 6 ,  p . 678-693.
G o t e r ,  E . R . , 1979 ,  D e p o s i t i o n a l  and d i a g e n e t i c  h i s t o r y  
o f  t h e  w indw ard  r e e f  o f  Enewetak  A t o l l  d u r i n g  t h e  
mid t o  l a t e  P l e i s t o c e n e  and Holocene [Ph.D. t h e s i s ] :  Troy,  
New York, R e n s s e l a e r  P o l y t e c h n i c  I n s t i t u t e ,  240p.
329
G raf ,  D . L . , and G o ldsm i th ,  J . R . , 1963, Carbonate  m in e ra lo g y ,  
I n  S c h la n g e r ,  S . O . , e d . , S u b su r face  Geology of Eniwetok 
A t o l l :  U .S .  G e o l o g i c a l  S u rvey  P r o f .  P a p e r  260-BB,
p . 1048-1053.
G r o s s ,  M.G. , 1 9 6 4 ,  V a r i a t i o n s  in  t h e  O18/©-1-8 and C ^ V c -^  
r a t i o s  o f  d i a g e n e t i c a l l y  a l t e r e d  l i m e s t o n e s  i n  t h e  
Bermuda I s l a n d s :  J o u r .  Geology, v . 7 2 ,  p . 170-194.
__________ , 1 9 6 5 ,  C a r b o n a t e  d e p o s i t s  on P l a n t a g a n e t  Bank
n e a r  Bermuda: B u l l .  Geol .  Soc. America, no.76, p . 1283-1290.
Gross ,  M.G., and T rac ey ,  J . I . ,  J r . ,  1966, Oxygen and carbon  
i s o t o p i c  c o m p o s i t i o n s  o f  l i m e s t o n e s  and d o l o m i t e s ,  
B ik in i  and Eniwetok A t o l l s :  S c i e n c e ,  v .1 5 1 ,  p . 1082-1084.
Grossman, E . T . , and Ke, T . L . , 1981,  A ra g o n i t e - w a te r  i s o t o p i c  
p a l e o - t e m p e r a t u r e  s c a l e  based  on t h e  b e n th i c  f o r a m i n i f e r a  
H o eg lun d ia  e l e g a n s : Geol .  Soc. America Annual Meeting, 
1981, A b s t r a c t s  w i th  Programs, p . 464.
G r o v e r ,  G. , J r . ,  and R ead ,  J . F . ,  1983 , P a l e o a q u i f e r  and 
deep b u r i a l  r e l a t e d  cements  d e f i n e d  by r e g i o n a l  c a th o d o lu -  
m i n e s c e n t  p a t t e r n s ,  M idd le  O r d o v i c i a n  c a r b o n a t e s ,  
V i r g i n i a :  Am. A s s o c .  P e t r o l .  G e o l o g i s t s ,  v . 6 7 ,  
p . 1275-1303.
Gvir tzm an,  G . , and Friedman,  G.M., 1977, Sequence of p r o g r e s s i v e  
d i a g e n e s i s  i n  c o r a l  r e e f s ,  i n  F r o s t ,  S . H . ,  W e i s s ,  
M . P . ,  and S a u n d e r s ,  J . B . ,  e d s . ,  R e e f s  and  R e l a t e d  
C a r b o n a t e s  -  E co lo g y  and S e d i m e n t o l o g y : Am. A s s o c .  
P e t r o l .  G e o l o g i s t s ,  S tu d i e s  in  Geology No. 4 ,  p . 357-380.
330
H a g g e r t y ,  J . A .  , 1 9 8 2 ,  M a r in e  v s .  f r e s h w a t e r  d i a g e n e s i s  
o f  T e r t i a r y  c a r b o n a t e s  from P a c i f i c  seamounts in  t h e  
Line I s l a n d s  c h a i n :  G eo l .  Soc. America Annual Meeting,
A b s t r a c t s  w i th  Programs 1982, p . 505.
H a i l e y ,  R . B . , and H a r r i s ,  P.M.,  1979, Fresh  w a te r  c em en ta t io n  
o f  a 1 , 0 0 0  y e a r  o l d  o o l i t e :  J o u r .  Sed .  P e t r o l o g y ,
v .4 9 ,  p . 969-988.
H a i l e y ,  R . B . , and Schmoker, J . W . , 1982,  Carbonate  p o r o s i t y  
v e r s u s  d e p t h :  " c o m p a c t i o n "  c u r v e  f o r  South F l o r i d a :  
Am. A s s o c .  P e t r o l .  G e o l o g i s t s  B u l l . ,  v . 6 6 ,  p . 5 7 3 ,  
( a b s t r . ) .
Hanor, J . S . ,  1978, P r e c i p i t a t i o n  o f  beachrock  cements :  mixing 
m arine  and m e t e o r i c  w a te r s  v s .  CC>2 - d e g a s s i n g : J o u r .  Sed. 
P e t r o lo g y ,  v . 4 8 ,  p . 489-502.
Hanshaw, B .B . , Back, W. and Deike ,  R .G . , 1971, A geochemical  
h y p o th e s i s  f o r  d o l o m i t i z a t i o n  by g roundw ate r :  Econ. Geo­
lo g y ,  v . 6 6 ,  p . 710-724.
H a r r i s ,  W.H.,  1 9 7 1 ,  G r o u n d w a t e r - c a r b o n a t e  r o c k  ch em ica l  
i n t e r a c t i o n s ,  Barbados ,  West I n d i e s  [Ph.D. d i s s e r t a t i o n ] :  
P ro v id e n c e ,  R . I . ,  Brown U n i v e r s i t y ,  348p.
H a r r i s o n ,  R . S . ,  1 9 7 7 ,  C a l i c h e  p r o f i l e s :  i n d i c a t o r s  o f  
n e a r - s u r f a c e  s u b a e r i a l  d i a g e n e s i s ,  B a r b a d o s ,  West 
I n d i e s :  B u l l .  Canadian Pe t ro leum  Geology, v . 25,  p . 123-173.
Hazma, M . S . ,  and B r o e c k e r ,  W .S . , 1974, Su r face  e f f e c t  on 
t h e  i s o t o p i c  f r a c t i o n a t i o n  between C02 and some c a r b o n a te  
m i n e r a l s :  Geochim. e t  Cosmochim. A cta ,  v .3 8 ,  p . 669-681.
331
Hudson,  J . D . ,  19 7 7 ,  S t a b l e  i s o t o p e s  and l im e s to n e  l i t h i -  
f i c a t i o n :  J o u r .  Geol.  Soc. L o n d . , v .1 3 3 ,  p . 637-660.
IAEA, 1 9 7 9 ,  E n v i r o n m e n ta l  I s o t o p e  Data No.6: World Survey 
o f  I s o t o p e  C o n c e n t r a t i o n s  i n  P r e c i p i t a t i o n  
(1972-1975) : V ienna ,  I n t e r n a t i o n a l  Atomic Energy Agency, 
T ec h in a l  R ep o r ts  S e r i e s ,  No.192.
J a c o b s o n ,  R . L . ,  and U s d o w sk i ,  H . E . ,  1 9 76 ,  P a r t i t i o n i n g  
of  s t r o n t iu m  between c a l c i t e ,  d o lo m i te  and l i q u i d s :  An 
e x p e r im e n ta l  s tu d y  under h ig h e r  t e m p e r a tu re  d i a g e n e t i c  
c o n d i t i o n s  and t h e  model f o r  p r e d i c t i o n  o f  m in e r a l  
p a i r s  f o r  geo therm om etry : C o n t r .  Mineralogy and Petrology,  
v .5 9 ,  p . 171-185.
J a m e s ,  N . P . ,  1 9 7 2 ,  H o lo c e n e  and P l e i s t o c e n e  c a l c a r e o u s  
c r u s t s  ( c a l i c h e )  p r o f i l e s :  c r i t e r i a  f o r  s u b a e r i a l  
ex p o su re :  J o u r .  Sed. P e t r o lo g y ,  v . 4 2 ,  p . 817-836.
James, N . P . , G insburg ,  R .N . , M arsza lek ,  D .S . ,  and C hoque t te  
P . W . , 1 9 7 6 ,  F a c i e s  and  f a b r i c  s p e c i f i c i t y  o f  e a r l y  
s u b s e a  c e m e n t s  i n  s h a l l o w  B e l i z e  ( B r i t i s h  Honduras) 
r e e f s :  J o u r .  Sed. P e t r o l o g y ,  v . 4 6 ,  p . 523-544.
J a m e s ,  N .P .  and G i n s b u r g ,  R . N . ,  1979, The seaward margin 
o f  B e l i z e  b a r r i e r  and a t o l l  r e e f s :  S p e c .  P ub l .  I n t .  
Assoc. S e d im en to logy , v . 3 ,  191p.
J o h n s o n ,  J . H . ,  1961 ,  F o s s i l  a l g a e  from Eniwetok, F u n a fu t i  
a n d  K i t a - D a i t o - J i m a : U .S .  G e o l .  S u rvey  P r o f .  P a p e r  
260-Z, p . 907-950.
K a h le ,  C . F . ,  1 9 6 6 ,  C o m p a c t io n  i n  o o l i t e s :  Compass, v .4 4 ,  
p . 19-29 .
332
K a t z ,  A . ,  1 9 7 3 ,  The i n t e r a c t i o n  of  magnesium w i th  c a l c i t e  
d u r in g  c r y s t a l  growth a t  25°C -  90°C and one a tm osphere :  
Geochim. Cosmochim. A c ta ,  v . 3 7 ,  p . 1563-1586.
K a t z ,  A . ,  and  M a t th e w s ,  A . ,  1 9 7 7 ,  The d o l o m i t i z a t i o n  of 
CaCOj: an e x p e r im e n ta l  s tu d y  a t  252 -  295°C: Geochim. 
Cosmochim. A cta ,  v . 4 1 ,  p . 297-308.
Katz ,  A . ,  S a s s ,  E . , S t a r i n s k y ,  A . ,  and H o l lan d ,  H .D.,  1972, 
S t r o n t i u m  b e h a v i o u r  i n  t h e  a r a g o n i t e - c a l c i t e  t r a n s ­
f o r m a t i o n :  an  e x p e r i m e n t a l  s t u d y  a t  40 -  90°C:
Geochim. Cosmochim. A c ta ,  v . 3 6 ,  p . 481-496.
K e n d a l l ,  A .C . , 1977, F a s c i c u l a r - o p t i c  c a l c i t e :  a rep lacem en t  
o f  b u n d l e d  a c i c u l a r  c a r b o n a t e  c e m e n t s :  J o u r .  Sed.  
P e t r o lo g y ,  v . 4 7 ,  p . 1056-1062.
__________, 1 9 8 4 ,  R a d i a x i a l  f i b r o u s  c a l c i t e :  a r e a p p r a i s a l ,
i n  Carbonate  Cements R e v i s i t e d ,  Soc. Econ. P a l e o n to lo g i s t s  
M i n e r a l o g i s t s  Spec.  P u b l . ,  in  p r e s s .
K e n d a l l ,  A.C. and Boughton, P . L . , 1978, O r ig in  of f a b r i c s  
i n  sp e le o th e m s  composed of  columnar c a l c i t e  c r y s t a l s :  
J o u r .  Sed. P e t r o l o g y ,  v . 4 8 ,  p . 519-538.
K e n d a l l ,  A.C.  and T u c k e r ,  M . E . , 1 9 7 3 ,  R a d i a x i a l  f i b r o u s  
c a l c i t e :  a r e p l a c e m e n t  a f t e r  a c i c u l a r  c a r b o n a t e :  
S ed im en to logy , p . 365-389 .
Kinsman, D . J . J . ,  1969, I n t e r p r e t a t i o n  o f  S r2+ c o n c e n t r a t i o n s  
in  c a r b o n a t e  m i n e r a l s  and r o c k s :  J o u r .  Sed. P e t r o lo g y ,  
v . 3 9 ,  p . 486-508.
Kinsman, D . J . J . ,  and H o l lan d ,  H .D.,  1969, The c o - p r e c i p i t a t i o n  
o f  c a t i o n s  w i t h  CaCOj. i v .  The c o - p r e c i p i t a t i o n  o f
333
S r 2 + w i t h  a r a g o n i t e  b e tw e e n  16 and 96°C:  Geochim. 
Cosmochim. A c ta ,  v . 3 3 ,  p . 1 -17 .
K l a p p a ,  C . F . ,  1 9 7 8 ,  B i o l i t h o g e n e s i s  o f  M i c r o c o d i u m :  
e l u c i d a t i o n :  Sed im en to lo g y , v . 2 5 ,  p . 489-522.
K r o o p n ic k ,  P .M . ,  M a r g o l i s ,  S . V . , and Wong, C . S . ,  1 97 7 ,  
v a r i a t i o n s  in  m ar ine  c a r b o n a t e  se d im e n ts  a s  i n d i c a t o r s  
of  t h e  C02 b a la n c e  between t h e  a tm osphere  and oc ea n s ,  
in  A n d e r s o n ,  N.R. , and M a l a h o f f ,  A . ,  e d s . ,  The Fa te  
of F o s s i l  Fuel  C02 in  t h e  Oceans:  Plenum P r e s s ,  p . 295-321.
Ladd, H . S . , and S c h la n g e r ,  S . O . , 1960, D r i l l i n g  o p e r a t i o n s  
on E n iw e tok  A t o l l :  U .S .  Geology  Survey  P r o f .  P a p e r  
260-Y, p . 863-903.
Ladd, H .S . ,  T racey ,  J . I . ,  J r . ,  and L i l l ,  G .G . , 1948, D r i l l i n g  
on B i k i n i  A t o l l ,  M a r s h a l l  I s l a n d s :  S c i e n c e ,  v . 1 0 7 ,  
p . 51-55 .
Land, L . S . ,  1966, D ia g e n e s i s  of  M e ta s ta b le  S k e l e t a l  C arbona tes  
[Ph.D. t h e s i s ] :  Beth lehem, P a . ,  Marine S c ience  C e n te r ,  
Lehigh U n i v e r s i t y ,  141p.
_________ , 1 9 6 7 ,  D i a g e n e s i s  i n  s k e l e t a l  c a r b o n a t e s :  J o u r .
Sed. P e t r o lo g y ,  v . 3 7 ,  p . 914-930.
_________ , 197 0, P h r e a t i c  v e r s u s  vadose  m e te o r i c  d i a g e n e s i s
o f  l i m e s t o n e s :  E v id e n c e  f rom a f o s s i l  w a t e r  t a b l e :  
Sed imento logy ,  v . 1 4 ,  p . 175-185.
_________ , 1 9 7 3 a ,  Contemporaneous d o l o m i t i z a t i o n  of  middle
P l e i s t o c e n e  r e e f s  by m e t e o r i c  w a t e r ,  North Jam aica :  
B u l l .  Marine S c ie n c e ,  v . 2 3 ,  p . 64-92 .
334
_________ , 1973bf H o lo c e n e m e te o r ic  d o l o m i t i z a t i o n  o f  P le i s to c e n e
l im e s t o n e s ,  North  J a m a i c a : Sed im ento logy ,  v . 2 0 ,  p . 411-422.
_________ , 1980, The i s o t o p i c  and t r a c e  e lem en t  geochem is t ry
of  d o l o m i t e :  t h e  s t a t e  o f  t h e  a r t ,  i n  Z enger ,  D.H., 
Dunham, J . B . ,  and  E t h i n g t o n ,  R . L . ,  e d s .  , C o n c e p t s  
and Models o f  D o l o m i t i z a t i o n  :Soc .  Econ. P a l e o n t o l o g i s t s  
M i n e r a l o g i s t s  Spec. P u b l .  No.28, p . 87-110.
_________ , 1983, D o l o m i t i z a t i o n :  Am. Assoc. P e t r o l .  G e o l o g i s t s
E duca t ion  Course Note S e r i e s  No.24,  20p.
Land, L . S . ,  and E p s t e i n ,  S . ,  1970, Late  P l e i s t o c e n e  d i a g e n e s i s  
a n d  d o l o m i t i z a t i o n ,  N o r th  J a m a i c a :  S e d i m e n t o l o g y ,  
v . 14, p . 187-200.
L and ,  L . S . ,  and  H oops ,  G . K . ,  1 9 7 3 ,  Sodium i n  c a r b o n a t e  
r o c k s :  a p o s s i b l e  index  t o  t h e  s a l i n i t y  of d i a g e n e t i c  
s o l u t i o n s :  J o u r .  Sed. P e t r o l o g y ,  v . 4 3 ,  p . 614-617.
Land, L . S . ,  Mackenzie,  F . T . , and Gould, S . J . , 1967, P l e i s t o c e n e  
h i s t o r y  o f  Bermuda:  G e o l .  Soc .  A m erica  B u l l . ,  v .7 8 ,  
n o . 8 ,  p . 9 9 3 - 1 0 0 6 .
Land, L.S.  and Moore, C .H . ,  J r . ,  1980, L i t h i f i c a t i o n ,  m i c r i t -  
i z a t i o n  and s y n d e p o s i t i o n a l  d i a g e n e s i s  o f  b i o l i t h i t e s  
on t h e  J a m a i c a n  I s l a n d  s l o p e :  J o u r .  Sed .  P e t r o lo g y ,  
v . 5 0 , p . 357-370.
L and ,  L . S . ,  Salem, M . R . I . , and Morrow, D.W., 1975,  P a le o -  
h y d r o l o g y  o f  a n c i e n t  d o lo m i t e s :  geochemical  e v id e n ce :  
Am. Assoc.  P e t r o l .  G e o l o g i s t s ,  B u l l . , v . 59 ,  p . 1602-1625.
335
Lasemi, Z . , and Sandberg ,  P . A . , 1983, R e c o g n i t io n  of  o r i g i n a l  
m i n e r a l o g y  i n  m i c r i t e s :  Am. Assoc.  P e t r o l .  G e o lo g i s t s  
B u l l . ,  v . 6 7 ,  p . 499-500 ,  ( a b s t . ) .
L i ,  Y .H . ,  T a k a h a s h i ,  T . , and B ro e ck e r ,  W.S. ,  1969,  Degree 
of s a t u r a t i o n  of CaCC>3 in  t h e  ocean :  J o u r ,  of  Geophysica l  
R e s . ,  v . 7 4 ,  p . 5507-5525.
L i v i n g s t o n e ,  D . A . , 1 9 6 3 ,  C h em ica l  c o m p o s i t i o n  o f  r i v e r s  
and l a k e s :  U.S. Geol .  Survey P r o f .  Paper  440-G, 61p.
Lohmann, K .C . ,  and Meyers,  W . J . , 1977, M icrodolom ite  i n c l u s i o n s  
i n  c l o u d y  p r i s m a t i c  c a l c i t e s :  a p r o p o s e d  c r i t e r i o n  
f o r  former high-magnesium c a l c i t e s :  J o u r .  Sed. P e t r o lo g y ,  
v . 4 7 , p . 1078-1088.
Longman, M.W., 1 9 8 0 ,  C a r b o n a t e  d i a g e n e t i c  t e x t u r e s  from 
n e a r s u r f a c e  d i a g e n e t i c  en v iro n m en ts :  Am. Assoc. P e t r o l .  
G e o l o g i s t s  B u l l . ,  v . 6 4 ,  p . 461-487.
L orens ,  R . B . , 1981, S r ,  Cd, Mn, and Co d i s t r i b u t i o n  c o e f f i c i e n t s  
i n  c a l c i t e  a s  a f u n c t i o n  o f  c a l c i t e  p r e c i p i t a t i o n  
r a t e :  Geochim. Cosmochim. A c ta ,  v . 4 5 ,  p . 553-561.
Lumsdem, D . N . ,  and C h im a h u sk y ,  J . S . ,  1 9 8 0 ,  R e l a t i o n s h i p  
between d o lo m i te  n o n s to i c h io m e t r y  and c a r b o n a te  f a c i e s  
p a ra m e te r s ,  i n  Zenger ,  D .H . , Dunham, J . B . , and E th in g to n ,  
R . L . , e d s . ,  C o n c e p t s  and  M odels  o f  D o l o m i t i z a t i o n ,  
S o c .  E c o n .  P a l e o n t o l o g i s t s  M i n e r a l o g i s t s  S p e c .  
P u b l . No.28,  p . 123-137.
M a c i n t y r e ,  I . G . ,  1 9 7 7 ,  D i s t r i b u t i o n  of  submarine  cements 
i n  a modern C a r i b b e a n  f r i n g i n g  r e e f ,  G a l e t a  P o i n t ,  
Panama: J o u r .  Sed. P e t r o l o g y ,  v . 4 7 ,  p . 503-516.
336
M a g a r i t z ,  M. , e t  a l . ,  1980 , D o lo m i t e  f o r m a t i o n  i n  t h e  
s e a w a t e r - f r e s h w a t e r  i n t e r f a c e :  N a tu re ,  v .2 8 7 ,  p . 622-624.
M a r s h a l l ,  J . D . ,  1 9 8 1 ,  Zoned c a l c i t e  in  J u r a s s i c  ammonite 
c h a m b e r s :  t r a c e  e l e m e n t s ,  i s o t o p e s  and  n e o m o rp h ic  
o r i g i n :  Sed im ento logy ,  v . 2 8 ,  p . 867-887.
M a t te s ,  B.W., and Mountjoy,  E.W., 1980, B u r i a l  d o l o m i t i z a t i o n  
o f  t h e  Upper Devonian M ie t t e  B u i ldup ,  J a s p e r  N a t io n a l  
P a r k ,  A l t e r t a ,  i n  Z e n g e r ,  D .H . ,  Dunham, J . B . ,  and 
E th in g to n ,  R . L . , e d s . ,  Concepts  and Models of Dolomit­
i z a t i o n ,  Soc .  Econ.  P a l e o n t o l o g i s t s  M i n e r a l o g i s t s  
Spec.  Pub l .  No.28, p . 259-297.
M a t th e w s ,  R . K . ,  1 9 6 7 ,  D i a g e n e t i c  f a b r i c s  i n  b i o s p a r i t e s  
from t h e  P l e i s t o c e n e  of Barbados,  West I n d i e s :  J o u r .  
Sed. P e t r o lo g y ,  v . 3 7 ,  p . 1147-1153.
_________ , 1968, C arbonate  d i a g e n e s i s :  e q u i l i b r i u m  of s e d i ­
m e n ta r y  m i n e r a l o g y  t o  s u b a e r i a l  e n v i r o n m e n t s ;  c o r a l  
cap  o f  B a r b a d o s ,  West I n d i e s :  J o u r .  Sed .  P e t r o lo g y ,  
v .3 8 ,  p . 1110-1119.
_________ , 1 97 4 ,  A p r o c e s s  approach t o  d i a g e n e s i s  of r e e f s
a n d  r e e f  a s s o c i a t e d  l i m e s t o n e s ,  i n  L a p o r t e ,  L . P . , 
e d . , Reefs  i n  Time and Space ,  Soc. Econ. P a l e o n t o l o g i s t s  
M i n e r a l o g i s t s ,  Spec. P u b l . ,  v .1 8 ,  p . 234-256.
Matthews,  A . ,  and Katz ,  A . ,  1977, Oxygen i s o t o p e  f r a c t i o n a t i o n  
d u r in g  t h e  d o l o m i t i z a t i o n  o f  ca lc ium  c a r b o n a t e :  Geochim.
Cosmochim. A cta ,  v . 4 1 ,  p . 1431-1438.
M eyer ,  W . J . , 1 9 8 0 ,  C o m p ac t ion  i n  M i s s i s s i p p i a n  s k e l e t a l  
l i m e s t o n e s ,  so u th w e s te rn  New Mexico : Jou r .  Sed. Petrology,
337
v . 5 0 ,  p . 4 5 7 - 4 7 4 .
M eyer ,  W . J . , and H i l l ,  B . E . ,  1 9 8 3 ,  Q u a n t i t a t i v e  s t u d i e s  
o f  c o m p a c t i o n  i n  M i s s i s s i p p i a n  s k e l e t a l  l im e s t o n e s ,  
New Mexico: J o u r .  Sed. P e t r o l o g y ,  v . 5 3 ,  p . 231-242.
M i l l i m a n ,  J . D . ,  1 9 7 4 ,  M a r i n e  C a r b o n a t e s :  New Y o r k ,
S p r i n g e r - V e r l a g ,  375p.
M il l im an ,  J . D . ,  G a s tn e r ,  M., and M u l le r ,  J . , 1971, U t i l i z a t i o n  
o f  m a g n e s iu m  i n  c o r a l l i n e  a l g a e :  G e o l .  Soc .  Am., 
B u l l . ,  v . 8 2 ,  p . 573-580.
M i r s a l ,  I . A . , and Z ank l ,  H . , 1979, P e t ro g rap hy  and g eochem is t ry  
o f  c a r b o n a t e  v o i d - f i l l i n g  c e m e n t s  i n  f o s s i l  r e e f s :  
Geol .  Rundschaw, v . 6 8 , p . 920-951.
Moore, C . H . ,  J r . ,  1 97 3 ,  I n t e r t i d a l  c a r b o n a te  c em en ta t io n ,  
Grand Cayman, West I n d i e s :  J o u r .  Sed. P e t r o lo g y ,  v .4 3 ,  
p . 591-602.
_________ , 1977, Beachrock o r i g i n :  some geochem ica l ,  m ine r -
a l o g i c a l ,  and  p e t r o g r a p h i c  c o n s i d e r a t i o n s :  Geoscience  
and Man, R u s s e l l  Memorial Volume on C o a s ta l  Research 
Methods, 15p.
__________, 1 9 7 9 ,  P o r o s i t y  i n  c a r b o n a t e  rock  se q u ences ,  i n
G e o l o g y  o f  c a r b o n a t e  p o r o s i t y :  Am. A s s o c .  P e t r o l .  
G e o l o g i s t s  C o n t i n u i n g  E d u c a t i o n  C o u r se  N o te s  #11 ,  
p.A001-A124.
_________ , 1 9 8 4 ,  Upper J u r a s s i c  s u b s u r f a c e  cements :  a case
h i s t o r y ,  i n  Carbona te  Cements R e v i s t e d ,  Soc. Econ. Pa­
l e o n t o l o g i s t s  M i n e r a l o g i s t s  Spec. P u b l . ,  in  p r e s s .
338
Moore, C .H . ,  J r . ,  and Brock,  F . C . ,  1982, P o r o s i t y  p r e s e r v a t i o n
in  t h e  Upper Smackover ( J u r a s s i c )  c a r b o n a t e  g r a i n s t o n e ,
Walker Creek f i e l d ,  A rkansas :  r e sp o n se  of p a l e o p h r e a t i c
l e n s e s  t o  b u r i a l  p r o c e s s e s  -  d i s c u s s i o n :  J o u r .  Sed.
P e t r o lo g y ,  v . 5 3 ,  p . 323-325.
Moore, C .H . ,  J r . ,  and Druckman, Y. 1981, B u r i a l  d i a g e n e s i s
a n d  p o r o s i t y  e v o l u t i o n ,  Upper J u r a s s i c  Sm ackover ,
A r k a n s a s  and L o u i s i a n a :  Am. Assoc. P e t r o l .  G e o l o g i s t s ,
v . 6 5 ,  p . 597-628.
Moore, C .H . ,  J r . ,  Graham, E .A . ,  and Land, L . S . ,  1976,  Sediment
t r a n s p o r t  and d i s p e r s a l  a c r o s s  t h e  d eep  f o r e - r e e f
a n d  i s l a n d  s l o p e  (-55m t o  - 3 - 5 m ) , D i s c o v e r y  Bay,
Jam aica :  J o u r .  Sed. P e t r o lo g y ,  v . 4 6 ,  n o . l ,  p . 174-187.
Moore, C . H . ,  J r . ,  and Shedd ,  W.W., 1977,  E f f e c t i v e  r a t e s
o f  s p o n g e  b i o e r o s i o n  a s  a f u n c t i o n  o f  c a r b o n a t e
p r o d u c t i o n :  P r o c e e d i n g s ,  T h i r d  I n t e r n a t i o n a l  Coral
Reef Symposium, R o s e n s t i e l  School of Marine and Atmospheric
0
S c ie n c e ,  Univ. of Miami, p . 499-505.
N o r t h r o p ,  D.A. and C l a y t o n ,  R . N . ,  1 9 66 ,  Oxygen i s o t o p e  
f r a c t i o n a t i o n  i n  s y s t e m s  c o n t a i n i n g  d o l o m i t e :  J o u r .  
Geology, v . 7 4 ,  p . 174-196.
O 'N e i l ,  J . R . , and E p s t e i n ,  S . ,  1966, Oxygen i s o t o p e  f r a c t i o n ­
a t i o n  i n  t h e  s y s t e m  -  d o l o m i t e - c a l c i t e - c a r b o n  
d i o x id e :  S c ie n c e ,  v .1 5 2 ,  p . 193-201.
P e t t a ,  T . J . , 1 9 7 7 ,  D i a g e n e s i s  and g e o c h e m i s t r y  o f  G len  
Rose p a t c h  r e e f  c o m p lex ,  B a n d e ra  C o u n ty ,  T e x a s ,  in. 
Bebout,  D .G . , andLoucks ,  R .G . ,  e d s . ,  C re ta ce o u s  Carbona tes
339
o f  T exas  and M e x ico :  U n iv .  of  T e x a s ,  A u s t in ,  Bureau 
o f  Economic G e o lo g y ,  Repor t  of I n v e s t i g a t i o n s  No.89, 
p . 130-167.
P i n g i t o r e ,  N .R . , J r . , 1976, Vadose a n d p h r e a t i c  d i a g e n e s i s :  p r o ­
c e s s e s ,  p r o d u c t s  and t h e i r  r e c o g n i t i o n  in  c o r a l s :  J o u r .  
Sed. P e t r o lo g y ,  v . 4 6 ,  p . 985-1006.
__________ , 197 8 , The b e h a v io r  of Zn^+ and Mn^+ d u r ing  c a r b o n a t e
d i a g e n e s i s :  t h e o r y  and a p p l i c a t i o n s :  Jou r .  Sed. Petrology, 
v .4 8 ,  p . 799-814.
Plummer, L .N . , and Mackenzie, P . T . , 1974, P r e d i c t i n g  m in e ra l  
s o l u b i l i t y  from r a r e  d a t a :  a p p l i c a t i o n  t o  t h e  d i s s o l u t i o n  
o f  magnesian c a l c i t e s :  Am. J o u r .  S c ie n c e ,  v . 274, p . 61-83 .
P r a y ,  L . C . ,  1 9 6 0 ,  Com pac t ion  in  c a l c i l u t i t e s :  B u l l .  Geol.  
Soc. America,  v . 7 1 ,  p . 1946 ( a b s t . ) .
P rezb in do w sk i ,  D .R . , 1977, Carbon and oxygen i s o t o p i c  e v o l u t i o n  
o f  w ho le  r o c k  and cements  from t h e  S t u a r t  C i ty  t r e n d  
(Lower C r e t a c e o u s ,  S o u t h - C e n t r a l  T e x a s ) ,  i n  Bebout,  
D . G . , and L o u c k s ,  R . G . , e d s . ,  C r e t a c e o u s  C a r b o n a t e  
o f  T ex as  and  M ex ico :  U n iv .  o f  T e x a s ,  A u s t in ,  Bureau 
o f  Economic Geology,  Repor t  of I n v e s t i g a t i o n s  No. 89, 
p . 201  ( a b s t . ) .
P u r d y ,  E . G . ,  1 9 6 8 ,  C a r b o n a t e  d i a g e n e s i s :  an en v ironm en ta l  
su rv e y :  G eo l .  Romana, v . 7 ,  p . 183-228.
R a i t t ,  R.W. , 1957 , S e i s m i c - r e f r a c t i o n  s t u d i e s  o f  Eniwetok 
A t o l l :  U.S. Geol .  Survey P r o f .  Paper 260-S,  p . 685-698.
R e p e l l i n ,  P . ,  1 9 7 7 ,  C o n t r i b u t i o n  a l ' e t u d e  d ' u n  r e c i f  
c o r a l l i e n :  l e  s o n d a n g e  " C o l e t t e " ,  A t o l l  de Maruroa
340
(P o ly n e s ie  f  r a n c a i s e ) : C a h ie r s  P a c i f i q u e ,  n o . 20,  p . 1-210.
R i l e y ,  J . P . ,  and S k i r row ,  G . , 1965, Chemical oceanography,  
l :L ondon ,  Academic P r e s s ,  712p.
R i s t v e t ,  B . L . , Couch, R .F . ,  J r . ,  F e t z e r ,  J . D . , G o te r ,  E . R . , 
Tremba, E . L . , W a l te r ,  D .R . , and Wendland, V . P . , 1974, 
A Q u a t e r n a r y  d i a g e n e t i c  h i s t o r y  o f  E n iw e to k  A t o l l :  
G e o l .  S o c .  A m er ica  1974 Annual  M e e t i n g ,  A b s t r a c t s  
w i th  programs,  p . 928-929.
R i s t v e t ,  B . L . ,  T rem ba,  E . L . ,  Couch,  R . F . ,  J r . ,  F e t z e r ,  
J .  A . , G o te r ,  E . R . , W a l te r ,  D .R . , and Wendland, V . P . , 1978, 
G e o l o g ic  G e o p h y s i c a l  I n v e s t i g a t i o n s  of  t h e  Eniwetok 
Nuc lea r  C r a t e r s :  AFWL-TR-77-242, 268p.
R o d g e r s ,  K . A . , E a s t o n ,  A . J . ,  and Downes, C . J . ,  1982, The 
c h e m i s t r y  o f  c a r b o n a t e  r o c k s  o f  Niue I s l a n d ,  South 
P a c i f i c :  J o u r .  Geology, v . 9 0 ,  p . 645-662.
R u n n e l l s ,  D .D . ,  1 9 6 9 ,  D i a g e n e s i s ,  chemical  s e d im e n ts ,  and 
t h e  m ix in g  o f  n a t u r a l  w a t e r s :  J o u r .  Sed .  P e t r o lo g y ,  
v . 39,  p . 1188-1201.
R u s s e l l ,  R . J . , 1970, F l o r i d a  Beaches and Cemented W ater -T ab le  
R o c k s :  L o u i s i a n a  S t a t e  U n i v e r s i t y  C o a s t a l  S t u d i e s  
I n s t .  Tech. R ep o r t  No.8 8 , 53p.
S a i l e r ,  A .H . ,  1982, P a t t e r n s  of  d i s s o l u t i o n  and neomorphism 
in  P l e i s t o c e n e  l im e s t o n e s  o f  Enewetak A t o l l ,  M arsha l l  
I s l a n d s :  G e o l .  Soc. America Annual Meeting,  A b s t r a c t s  
w i th  Programs 1982, p . 607.
Sand b e rg ,  P . A . , Schneidermann, N . , and Wunder, S . J . ,  1973, 
A r a g o n i t e  u l t r a s t r u c t u r a l  r e l i c s  i n  c a l c i t e - r e p l a c e d
P l e i s t o c e n e  s k e l e t o n s :  N a t u r e ,  P h y s .  S c i . ,  v . 2 4 5 ,  
p . 133-134.
SAS, 1983, S t a t i s t i c a l  a n a l y s i s  system (computor program) : Cary, 
N .C . ,  SAS I n s t i t u t e  In c .
Sa v in ,  S .M ., 1977, The h i s t o r y  of  t h e  E a r t h ' s  s u r f a c e  temper­
a t u r e  d u r ing  t h e  p a s t  100 m i l l i o n  y e a r s :  Ann. Rev. Ear th  
P l a n e t .  S c ien c e ,  v . 5 ,  p . 319-355.
S c h a c k l e t o n ,  N . J . ,  and Opdyke, N .D . , 1976, Oxygen i s o t o p e  
an d  p a l e o - m a g n e t i c  s t r a t i g r a p h y  o f  P a c i f i c  c o r e ,  
V2 8-23 9: L a t e  P l i o c e n e :  G e o lo g ic a l  S o c ie ty  of America 
Memoir 145, p . 449-464.
S c h l a g e r ,  W. and J a m e s ,  N . P . , 1978, Low-magnesian c a l c i t e  
l i m e s t o n e s  f o r m in g  a t  t h e  d e e p - s e a  f l o o r ,  Tongue of 
t h e  Ocean Bahamas: Sed im ento logy ,  v . 2 5 ,  p . 675-702.
S c h la n g e r ,  S . O . , 1957, Dolomite growth in  c o r a l l i n e  a lg a e :  
J o u r .  Sed. P e t r o l o g y ,  v . 2 7 ,  p . 181-186.
__________ , 1963  , S u b s u r f a c e  g e o lo g y  o f  E n iw e to k  A t o l l :
U.S. Geol. Survey P r o f .  Paper 260-BB, p . 991-1066.
_________ , 1964 , P e t r o lo g y  of t h e  l im e s t o n e s  of  Guam: U.S.
Geol . Survey P r o f .  Paper  403-D, p . 1 -52 .
S c h m a lz ,  R . F . ,  1967 ,  K i n e t i c s  and d i a g e n e s i s  of c a rb o n a te  
s e d im e n ts :  J o u r .  Sed. P e t r o lo g y ,  v . 3 7 ,  p . 60-67 .
_________ , 1 9 7 1 ,  Fo rm at ion  of  beachrock  a t  Eniwetok A t o l l ,
in  B r i c k e r ,  O . P . , e d . , Carbona te  Cements :Johns  Hopkins 
Univ. S tud .  Geology, v . 1 9 ,  p . 17-24 .
S c h o l l e ,  P . A . , 1978,  Carbona te  rock  c o n s t i t u e n t s ,  t e x t u r e s ,  
c e m e n t s ,  and p o r o s i t i e s :  Am. Assoc.  P e t r o l .  G e o l o g i s t s
342
Memoir 2 7 ,  2 4 1 p .
S c h o l l e ,  P . A . , A r th u r ,  M.A. and E kdale ,  A .A . , 1983, P e l a g i c  
env ironm ent ,  I n  S c h o l l e ,  P .A . ,  Bebout,  D .G . , and Moore, 
C . H . ,  J r . ,  e d s . ,  C a r b o n a t e  D e p o s i t i o n  Environments :  
Am. Assoc.  P e t r o l .  G e o l o g i s t s ,  p . 620-691.
S chroede r ,  J . H . ,  1969, E xper im enta l  d i s s o l u t i o n  of  ca lc ium ,  
magnesium and s t r o n t i u m  from Recent  b io g e n ic  c a r b o n a t e s :  a 
m od e l  o f  d i a g e n e s i s :  J o u r .  S e d .  P e t r o l o g y ,  v . 3 9 ,  
p . 1057-1073.
S c h r o e d e r ,  J . H . ,  and S i e g e l ,  F . R . , 1969, E xper im enta l  d i s ­
s o l u t i o n  o f  c a l c i u m ,  m agnes ium ,  and s t r o n t i u m  from 
Holocene b io g e n ic  c a r b o n a t e s :  a model of d i a g e n e s i s : B u l l .  
Am. Assoc.  P e t r o l .  G e o l o g i s t s ,  v . 5 3 ,  p . 741 ( a b s t . ) .
S e l l i e r ,  E . , 1 9 7 9 ,  C o n t r i b u t i o n  a l ' e t u d e  p e t r o l o g i q u e  
e x p e r i m e n t a l e  de l a  g e n e s e  d e s  s t y l o l i t h e s  d e s  l e s  
f o r m a t i o n s  c a l c a i r e s  du b a s s i n  d '  A q u i t a i n e :  T hese  
non p u b l i e e ,  Univ. Bordeaux I I I ,  300p.
Sharma, T . , and C la y to n ,  R .N . , 1965,  Measurement of  018 / 0 18 
r a t i o s  o f  t o t a l  o x y g e n  o f  c a r b o n a t e s :  G e o c h i m .  
Cosmochim. A cta ,  v . 2 9 ,  p . 1347-1353.
S h e p p a r d ,  S .M .F .  , and Schwarcz,  H .P . ,  1970, F r a c t i o n a t i o n  
o f  c a r b o n  and  ox ygen  i s o t o p e s  and  magnesium between 
c o - e x i s t i n g  m e t a m o r p h ic  c a l c i t e  and d o lo m i te :  C o n t r .  
Miner. P e t r o lo g y ,  v . 2 6 ,  p . 161-198.
S h i n n ,  E . A . , H a i l e y ,  R . B . ,  Hudson, J . H . ,  and L id z ,  B .H . ,  
1 97 7 ,  L im e s to n e  c o m p a c t i o n :  An enigma: Geology, v . 5 ,  
p . 21-24 .
343
Shinn,  E .A . , and Robbin,  D.M., 1983, Mechanical  and chemical  
compaction i n  f i n e - g r a i n e d  sh a l lo w - w a te r  l im e s to n e s :  j o u r .  
Sed. P e t r o lo g y ,  v . 5 3 ,  p . 595-618.
S i b l e y ,  D . F . ,  1 9 8 0 ,  C l i m a t i c  c o n t r o l  o f  d o l o m i t i z a t i o n ,  
S e ro e  Domi f o r m a t i o n  ( P l i o c e n e ) , B o n a i r e ,  N . A . , i n  
Zenger, D.H.,  Dunham, J . B . ,  and E th in g to n ,  R . L . , e d s . ,  
C o n c e p t s  a n d  M ode ls  o f  D o l o m i t i z a t i o n :  S o c .  Econ. 
P a l e o n t o l o g i s t s  M i n e r a l o g i s t s ,  Spec. Pub l .  28, p . 247-258.
S tam atedes ,  M.R., 1982,  D o lo m i t i z a t i o n  of t h e  Upper Smackover 
i n  M i l l e r  C o u n ty ,  A r k a n s a s  and  a d j a c e n t  a r e a s  [M.S. 
T h e s i s ] :  B a to n  Rouge,  L o u i s i a n a ,  L o u i s i a n a  S t a t e
U n i v . , 155p.
S t e h l i ,  F . G . ,  and Hower,  J .  , 1 9 6 1 ,  M in e ra lo g y  and e a r l y  
d i a g e n e s i s  o f  c a r b o n a te  s e d im e n ts :  J o u r .  Sed. P e t r o lo g y ,  
v . 3 1 ,  p . 358-371.
S t e in e n ,  R .P . ,  1974, P h r e a t i c  and vadose  d i a g e n e t i c  m o d i f i ­
c a t i o n s  of P l e i s t o c e n e  l i m e s t o n e s :  p e t r o g r a p h i c  o b s e rv a ­
t i o n s  f rom s u b s u r f a c e  of  B a r b a d o s ,  West I n d i e s :  Am. 
Assoc. P e t r o l .  G e o l o g i s t s  B u l l . ,  v .5 8 ,  p . 1008-1024.
S t e u b e r ,  A .M .,  P u s h k a r ,  P . ,  and H e th e r in g to n ,  E .A . , 1984, 
A s t r o n t i u m  i s o t o p i c  s t u d y  o f  Smackover b r i n e s  and 
a s s o c i a t e d  s o l i d s ,  s o u t h e r n  A r k a n s a s :  Geochemica  
Cosmochim. Acta ( in  p r e s s ) .
Supko ,  P . R . , 1 9 7 0 ,  D e p o s i t i o n a l  and d i a g e n e t i c  f e a t u r e s  
i n  s u b s u r f  ace Bahamian Rocks: Tech.  Rep. O ff .  Nav. R e s . ,  
Univ. Miami, 168p.
344
 , 1977, Subsu r face  d o lo m i t e s ,  San S a lvador  Bahamas:
J o u r .  Sed. P e t r o l o g y ,  v . 4 7 ,  p . 1063-1077.
S w a r t z ,  J . H . ,  1 9 58 ,  G e o th e rm a l  m e a s u rm e n t s  on E n iw etok  
a n d  B i k i n i  A t o l l s ,  B i k i n i  and n e a r b y  a t o l l s :  U .S .  
Geol.  Survey P r o f .  Paper  260-U, p . 711-739.
__________ , 196 2 ,  Some p h y s i c a l  c o n s t a n t s  f o r  t h e  M arsha l l
I s l a n d  a r e a :  U .S .  G e o l .  S u rvey  P r o f .  P a p e r  260-AA, 
p . 953-989.
T e r z a g h i ,  R . D . , 1 9 4 0 ,  C o m pac t io n  o f  l im e  mud as  a cause  
o f  s e c o n d a r y  s t r u c t u r e :  J o u r .  Sed .  P e t r o l o g y ,  v .1 0 ,  
p . 78-90 .
Todd, R. and Low, D . , 1960, Sm alle r  f o r a m i n i f e r a  from Eniwetok 
d r i l l  h o l e s :  U . S .  G e o l .  S u rvey  P r o f .  P a p e r  260-X,  
p . 799-857.
Towe, K.M., and Hemleben, C . , 1976, D ia g e n e s i s  o f  magnesian 
c a l c i t e :  ev id en ce  from m il  i o l a c e a n  f o r a m i n i f e r a :  Geology, 
v . 4 , p . 337-339.
T racey ,  J . I . ,  J r . ,  and Ladd, H .S . ,  1974, Q u a te rn a ry  h i s t o r y  
o f  E n iw e to k  and  B i k i n i  A t o l l s ,  M a rsh a l l  I s l a n d s ,  I n  
P r o c e e d i n g s  o f  t h e  Second  I n t e r n a t i o n a l  C o r a l  Reef 
Symposium, v . 2 ,  p . 537-550.
T u r n e r ,  J . V . , 1 9 8 2 ,  K i n e t i c  f r a c t i o n a t i o n  o f  c a r b o n - 1 3  
d u r i n g  c a l c i u m  c a r b o n a t e  p r e c i p i t a t i o n :  Geochim. 
Cosmochim. A c ta ,  v . 4 6 ,  p . 1183-1192.
V a i l ,  P . R . , Mitchum, R.M., J r . ,  and Thompson, S, I I I ,  1977, 
S e i sm ic  s t r a t i g r a p h y  and g lo b a l  changes o f  s e a  l e v e l ,  
p a r t  4: G lobal  c y c l e s  of  r e l a t i v e  changes  of  s e a  l e v e l ,
345
in  Pay ton ,  C .E . ,  e d . , Se ism ic  S t r a t i g r a p h y  -  A p p l i c a t i o n s  
t o  H y d r o c a r b o n  E x p l o r a t i o n :  Am. A s s o c .  P e t r o l .  
G e o l o g i s t s  Memoir 2 6 ,  p . 83-98 .
V e iz e r ,  J . , 1983, Chemical d i a g e n e s i s  of  c a r b o n a t e s :  Theory 
and a p p l i c a t i o n  o f  t r a c e  e lem en t  t e c h n iq u e ,  i a  A r th u r ,  
M .A . , e d . , S t a b l e  I s o t o p e s  i n  S e d i m e n t a r y  G eo logy :  
S o c .  Econ. P a l e o n t o l o g i s t s  M i n e r a l o g i s t s ,  S h o r t  Course 
n o . 1 0 , p . 3 - 1 — 3-10 0 .
V e i z e r ,  J . , L em ieux ,  J . , J o n e s ,  B . , G i b l i n g ,  M.R. , and 
S a v e l l e ,  J .  , 1 9 7 8 ,  P a l e o s a l i n i t y  and d o l o m i t i z a t i o n  
o f  a Lower P a l e o z o i c  c a r b o n a t e  s e q u e n c e ,  S o m e rs e t  
and P r i n c e  o f  W ales  I s l a n d ,  A r t i e  C anad a :  C a n a d ia n  
J o u r .  E a r th  S c i . ,  v . 1 5 ,  p . 1448-1461.
V i d e t i c h ,  P . E . ,  1982, O r ig in ,  m ar ine  d i a g e n e s i s ,  and e a r l y  
f r e s h - w a t e r  d i a g e n e s i s  o f  l i m e s t o n e s  and d o l o m i t e s  
( T e r t i a r y - R e c e n t ) :  S t a b l e  i s o t o p i c ,  e l e c t r o n  m ic rop rob e ,  
and p e t r o g r a p h i c  s t u d i e s  [Ph.D. t h e s i s ] :  P ro v id e n ce ,
R . I . ,  Brown U n i v e r s i t y ,  289p.
V i d e t i c h ,  P . E . ,  and Matthews, R .K . ,  1980,  O r ig in  of  d i s c o n ­
t i n u i t y  s u r f a c e s  i n  l i m e s t o n e s :  i s o t o p i c  and p e t r o g r a p h i c  
d a t a ,  P l e i s t o c e n e  o f  B a r b a d o s ,  West I n d i e s :  J o u r .  
Sed. P e t r o lo g y ,  v . 5 0 ,  p . 971-980.
V i d e t i c h ,  P . E . , and  Trem ba,  E . L . , 1 9 7 8 ,  i n t e r p r e t a t i o n  
o f  t h e  o r i g i n  and  d i a g e n e s i s  o f  P l e i s t o c e n e  C ha lk ,  
Eniwetok A t o l l ,  M a rsh a l l  I s l a n d s :  J o u r .  Sed. P e t r o lo g y ,  
v . 4 8 ,  p . 313-330.
346
Wagner, P .D . ,  and Matthews, R .K . , 1982,  P o r o s i t y  p r e s e r v a t i o n  
i n  t h e  Upper Smackover ( J u r a s s i c )  c a r b o n a t e  g r a i n s t o n e ,  
Walker Creek F i e l d ,  A rkansas :  Response of p a l e o p h r e a t i c  
l e n s e s  t o  b u r i a l  p r o c e s s e s :  J o u r .  S ed .  P e t r o l o g y ,  
v . 5 2 ,  p . 3 -18 .
W a l te r ,  L.M., 1984, Revised  d a t a  on t h e  r e l a t i v e  s t a b i l i t y  
o f  c a r b o n a t e  m i n e r a l s :  I m p l i c a t i o n s  f o r  d i a g e n e s i s ,  
i n  Carbonate  Cements R e v i s t e d ,  Soc. Econ. P a l e o n t o l o g i s t s  
M i n e r a l o g i s t s  Spec.  P u b l . ,  in  p r e s s .
W a l te r ,  L.M., and Hanor,  J . S . , 1979a, E f f e c t s  o f  o r th o p h o sp h a te  
on t h e  d i s s o l u t i o n  k i n e t i c s  o f  b i o g e n e t i c  magnesian 
c a l c i t e s :  Geochim. Cosmochim. A cta ,  v . 4 3 ,  p . 1377-1385.
_________ , 19 79 b ,  O r t h o p h o s p h a t e :  e f f e c t  on t h e  r e l a t i v e
s t a b i l i t y  o f  a r a g o n i t e  and  m a g n e s i a n  c a l c i t e  d u r ing  
e a r l y  d i a g e n e s i s :  J o u r .  Sed. P e t r o lo g y ,  v . 4 9 ,  p . 937-944.
Wanless ,  H .R . , 1979, Limestone r e sp o n se  t o  s t r e s s :  P r e s s u r e  
s o l u t i o n  and d o l o m i t i z a t i o n :  J o u r .  S ed .  P e t r o l o g y ,  
v .4 9 ,  p . 437-462.
Ward, W.C., 1982, Q u a te rna ry  m ix ing-zone  d o lo m i t e ,  n o r t h e a s t e r n  
Y u c a ta n  p e n i n s u l a ,  I n  Guidebook t o  F i e l d  T r ip  No.10- 
Yucatan:  1982 Geol .  Soc. America Annual Meeting,  p . 27-35.
Ward, W.C., and H a i l e y ,  R . B . , 1982, Q ua te rnary  m ixing-zone  
d o l o m i t e ,  n o r t h e a s t e r n  Y u c a ta n  p e n i n s u l a :  Geol .  Soc. 
America 1982 Annual Meet ing ,  F i e l d  T r ip  n o . 10, p . 27-35.
Weber, J . N . , 1964, Trace  e lem en t  co m po s i t io n  of  d o lo s to n e s  
a n d  d o l o m i t e s  a n d  i t s  b e a r i n g  on t h e  d o l o m i t e  
problem: Geochim. Cosmochim. A cta ,  v . 2 8 ,  p . 1817-1868.
347
W h e a t c r a f t ,  S .W., and Buddemeier,  R.W., 1981, A t o l l  i s l a n d  
h yd ro logy :  Groundwater ,  v . 1 9 ,  n o . 3 ,  p . 311-320.
W ilson,  J . L . , 1975, C arbonate  F a c i e s  i n  Geologic  H i s t o r y :  New 
York, S p r i n g e r - V e r l a g ,  p . 471.
Winland,  H .D . , 1969, S t a b i l i t y  of ca lc ium  c a r b o n a t e  polymorphs 
i n  warm, sha l low  s e a w a te r :  J o u r .  Sed. P e t r o lo g y ,  v .3 9 ,  
p . 157 9-1587.
Zankl ,  H . , 1969, S t r u c t u r a l  and t e x t u r a l  ev idence  of e a r l y  
1 i t h i f i c a t i o n  i n  f i n e - g r a i n e d  c a r b o n a t e  r o c k s :  
Sed imento logy ,  v . 1 2 ,  p . 241-256.
_, 1 9 7 1 ,  A model of  s e d i m e n t a t i o n  and d i a g e n e s i s
i n  a T r i a s s i c  r e e f ,  i n  B r i c k e r ,  O .P . ,  e d . , Carbonate  
Cements sJohns Hopkins Univ. S tud .  Geology, v . 19, p . 189-192.
/
APPENDIX
348
349
ANALYTICAL METHODS 
Sample S e p a r a t i o n
In  t h i s  s t u d y ,  g e o c h e m i c a l  a n a l y s e s  w e re  p e r f o r m e d  
e x c l u s i v e l y  on i n d i v i d u a l  d i a g e n e t i c  components. I n d i v id u a l  
d i a g e n e t i c  co m p o n e n ts  w e re  s e p a r a t e d  f rom  t h e  bu lk  rock  
by s c r a p i n g  t h a t  component o f f  a p o l i s h e d  s l a b  o r  a t h i c k  
t h i n - s e c t i o n  u s i n g  a n e e d l e  o r  m i c r o k n i f e .  In o r d e r  t o  
remove c a l c i t e  from d o lo m i te  sam ples ,  c a l c i t e  was s e l e c t i v e l y  
l e a c h e d  from t h e  d o l o m i t e  u s in g  a 0 .5  22 HC1 s o l u t i o n  and 
a p r o c e s s  d e s c r ib e d  by S tamatedes  (1982).  X-ray d i f f r a c t i o n  
a n a l y s e s  b e f o r e  and a f t e r  c a l c i t e  l e a c h i n g  confi rm ed  t h a t  
l e a c h i n g  d i d  n o t  s y s t e m a t i c a l l y  a l t e r  t h e  c om pos i t ion  of 
t h e  d o lo m i te .  F u r th e rm o re ,  geochemical  a n a l y s e s  were performed 
on one un leached  sample  (F-12-5B) t o  conf i rm  t h a t  l e a c h in g  
d i d  n o t  c a u s e  any s i g n i f i c a n t  c h ang e  i n  t h e  geochemical  
c o m po s i t io n  of  d o lo m i te  (Table 9 ) .
Atomic A b s o rp t io n  Spec t rop h o to m e try  (AA) 
P r e p a r a t i o n
P r i o r  t o  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  (AA), 
samples  were (1 ) powdered, ( 2 ) r i n s e d  t h r e e  t im e s  i n  d i s t i l l e d ,  
d e io n i z e d  w a t e r ,  (3) d r i e d ,  and (4) weighed. C a l c i t e  samples 
were th e n  d i g e s t e d  in  0 .5  22 HC1 a c i d  u n t i l  co m p le te ly  d i s ­
s o l v e d .  D o lo m i te  s a m p le s  w e re  d i g e s t e d  i n  warm (70°C ) , 
2 22 HC1 a c i d .  A f t e r  d i g e s t i o n  t h e s e  d i s s o l v e d  c a r b o n a te
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s a m p le s  w e re  p a s s e d  t h r o u g h  0 . 4 5  micron M i l l i p o r e  f i l t e r  
p a p e r  t o  remove i n s o l u b l e  r e s i d u e s .  Subsequent  d i l u t i o n s  
were made w i th  0 .5  E HC1 p r i o r  t o  AA a n a l y s i s .  A l l  p r e p a r a t o r y  
work was p e r f o r m e d  i n  t h e  L . S . U .  G eochem is try  Labora to ry  
u s in g  g l a s s  p i p e t t e s  and v o l u m e t r i c  f l a s k s .
A na lyses
A f t e r  d i l u t i o n s  w e re  c o m p l e t e d ,  c o n c e n t r a t i o n s  of  
Ca, Mg, S r ,  Na, Pe, and Mn were d e te rm in ed  u s in g  a V ar ian  
AA-475 a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t e r  a t  L.S.U. An 
a i r - a c e t y l e n e  f l a m e  was u t i l i z e d  f o r  Ca, Mg, Na, Fe, and 
Mn d e t e r m i n a t i o n s ,  and  a n i t r o u s  o x i d e - a c e t y l e n e  f l a m e  
was used f o r  Sr d e t e r m i n a t i o n s .  To d e te rm in e  c o n ta m in a t io n  
d u r i n g  t h e  a n a l y t i c a l  p r o c e d u re  a b lank  was p r o c e s s e d  and 
an a ly ze d  in  p a r a l l e l  w i t h  a l l  s t a n d a r d s  and sam ples .
A l a n th a n u m  s o l u t i o n  was ad ded  t o  s a m p le s  a n a ly z e d  
f o r  Ca and Mg t o  e l i m i n a t e  m o le c u la r  i n t e r f e r e n c e  e f f e c t s .  
S o l u t i o n s  ana ly ze d  f o r  Ca and Mg c o n ta in e d  a 5% lanthanum 
s o l u t i o n .  Cesium was add ed  t o  f i n a l  s o l u t i o n s  an a lyzed  
f o r  Sr and Na t o  reduce  i o n i z a t i o n  e f f e c t s .  F i n a l  s o l u t i o n s  
a n a ly ze d  f o r  Sr and Na c o n ta in e d  a 1% cesium s o l u t i o n .
P r e c i s i o n  and Accuracy
R e s u l t s  o f  r e p l i c a t e  AA a n a l y s e s  of  NBS s t a n d a r d  8 8 a 
( d o l o m i t e  l i m e s t o n e )  a r e  shown i n  F i g u r e  A - l .  Ca, Mg, 
and Mn d e t e r m i n a t i o n s  h av e  r e l a t i v e  s t a n d a r d  d e v i a t i o n s  
( la /mean)  o f  l e s s  t h a n  3%. Sr c o n c e n t r a t i o n s  were  reproduced
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TABLE A -1
REPLICATE ATOMIC ABSORPTION ANALYSES OF NBS STANDARD 88a
This study 
(wt.%)
Mean (wt.%)
S.D. (wt.%)
Relative
S.D. (wt.%)
CA
21.5 
21. 3 
21. 3 
21.4 
0 . 1  
0.5
MG
13.1
13.0
13.0
13.0 
0.1 
0.5
SR
0.0041
0.0037
0.0038
0.0039
0 . 0 0 0 2
5.3
NA
0.0044
0.0043
0.0046
0.0044
0 . 0 0 0 2
3.5
FE
0.172
0.179
0.173
0.175
0.004
2 . 2
MN
0 . 0 0 2 0
0 . 0 0 2 0
0 . 0 0 2 1
0 . 0 0 2 1
0 . 0 0 0 1
2.9
I. R.
1.7
1.5
1.4
1.5
NBS (1967) 21.5 12.9 0.004 0.01 0.20 0.002
Analysis
(wt.%)
Cunningham (1981), 3 separate analyses at L.S.U.
Mean (wt.%) 21.6 12.9 0.0039 0.139 0.159 0.002
S.D. (wt.%) 0.5 0.3 0.0004 0.004 0.018 0.000
Relative 2.5 2.4 9.0 26.6 11.3 0.3
S.D. (wt.%)
Stamatedes (1982), 10 separate analyses at L.S.U.
Mean (wt.%) 21.8 13.1 0.0040 0.0080
S.D. (wt.%) 0.1 0.1 0.001 0.0014
Relative 0.3 0.5 1.8 17.8
S.D. (wt.%)
S.D. =
n  —  2  
I (Y.- Y)
i=l 1 
n-1
Relative S.D. (%) = (S.D./Mean)X 100
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t o  ± 0.0002 wt. % Sr ( l a )  w i th  a r e l a t i v e  s t a n d a r d  d e v i a t i o n  
o f  a p p r o x i m a t e l y  5%. Ca, Mg, S r ,  and Mn showed l i t t l e  
or no s y s t e m a t i c  v a r i a t i o n  th rou g h  t im e  or  between o p e r a t o r s  
(Table  A - l ) . Mean v a l u e s  o f  Ca, Mg, S r ,  and Mn c o n c e n t r a t i o n s  
were w i t h i n  1 % of  t h e  r e p o r t e d  NBS v a l u e s  (Table A - l ) .
In  t h i s  s t u d y ,  Na and Fe a n a l y s e s  had r e l a t i v e  s t a n d a r d  
d e v i a t i o n s  o f  l e s s  t h a n  5% (Table  A-l)  . However, Na and 
Fe v a l u e s  o b t a i n e d  by AA f o r  NBS-8 8 a showed v a r i a t i o n s  
a c c o r d i n g  t o  o p e r a t o r s  a t  L .S .U .  and a r e  s i g n i f i c a n t l y  
d i f f e r e n t  th a n  o f f i c i a l l y  r e p o r t e d  NBS v a lu e s  (Table  A - l ) . 
Much of  t h e  Na and Fe v a r i a b l i l i t y  may be r e l a t e d  t o  i n s o l u b l e  
s i l i c a t e s  i n  NBS-8 8 a .  O f f i c i a l  NBS d e t e r m i n a t i o n s  a r e  
made f o r  t h e  b u l k  s a m p le  i n c l u d i n g  i n s o l u b l e  r e s i d u e ;  in  
a n a l y s e s  a t  L .S .U .  , t h e  i n s o l u b l e  r e s i d u e  was s e p a r a t e d  
from NBS-88a a f t e r  d i g e s t i o n  bu t  p r i o r  t o  e le m e n ta l  a n a l y s i s .  
S i l i c a t e  c l a y  in  i n s o l u b l e  r e s i d u e s  p ro b a b ly  c o n ta in  s i g n i f i c a n t  
amounts o f  Fe and Na. V a r i a t i o n s  i n  Na and Fe v a lu e s  between 
L .S .U .  o p e r a t o r s  may r e f l e c t  d i f f e r e n t  r e a c t i o n s  between 
s i l i c a t e  c l a y s  i n  NBS-88a and t h e  d i g e s t i n g  a c i d s .  Cunningham 
(1981) d i s s o l v e d  t h e  c a r b o n a t e  f r a c t i o n  i n  0 .5  li a c e t i c  
a c i d .  S t a m a t e d e s  (1982) d i s s o l v e d  d o lo m i te  w i th  6 E HC1 
a c i d .  In  t h i s  s tu d y ,  d o lom i te  was d i s s o l v e d  i n  a 2 E HCL 
s o l u t i o n  a t  a p p ro x im a te ly  70°C. Con tam ina t ion  from g la s sw a re  
and l a b o r a t o r i e s  r e a g e n t s  may a l s o  hav e  c a u s e d  some Na 
v a r i a b i l i t y .
In o r d e r  to  check accu racy  and p r e c i s i o n  of  AA d e te rm in ­
a t i o n s  f u r t h e r ,  b a s a l t  s t a n d a r d  JB -1  was a l s o  a n a ly z e d .
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A f t e r  d i g e s t i o n  o f  JB -1 ,  d i l u t i o n s  and e le m e n ta l  a n a l y s e s  
w e re  p e r f o r m e d  w i t h  t e c h n i q u e s  s i m i l a r  t o  t h o s e  used in  
t h i s  s tu d y  f o r  c a r b o n a t e  a n a l y s e s  (Table A - 2 ) . In a n a l y s e s  
o f  J B - 1 ,  r e l a t i v e  s t a n d a r d  d e v i a t i o n s  f o r  CaO, MgO, Na2 0 , 
Fe and Mn were a l l  l e s s  t h a n  5% (Table  A - 2 ) . A comparison 
o f  mean v a l u e s  from L .S .U .  a n a l y s e s  and  t h o s e  p u b l i s h e d  
in  Ando e t  a l .  (1971) s u g g e s t  t h a t  (1) Na a n a l y s e s  i n  t h i s  
s t u d y  a r e  w i t h i n  10% o f  t h e  t r u e  v a l u e ,  (2) Fe a n a ly s e s  
a r e  w i t h i n  2 % of t h e  t r u e  v a lu e ,  and (3) much of t h e  Na 
and Fe v a r i a b i l i t y  i n  r e p l i c a t e  a n a l y s e s  o f  NBS-8 8 a i s  
p r o b a b l y  due t o  v a r i a b l e  r e a c t i o n s  of  i n s o l u b l e  r e s i d u e s  
w i th  a c i d s  d i s s o l v i n g  t h e  c a r b o n a t e  f r a c t i o n .
E le c t r o n  Microprobe Analyses
Components  of  Enewetak c a r b o n a t e s  were s y s t e m a t i c a l l y  
an a ly zed  f o r  Ca, Mg, and Sr u s in g  an ARL-EMX e l e c t r o n  m icroprobe 
a t  L . S . U . .  A l l  s t a n d a r d s  and  s a m p le  t h i n  s e c t i o n s  were 
p o l i s h e d  w i t h  a 0 . 0 5  m ic ro n  AI2 O3 powder and c o a te d  w i th  
carbon p r i o r  t o  a n a l y s i s .
Machine o p e r a t i o n
E l e c t r o n  m i c r o p r o b e  a n a l y s e s  w e re  p e r f o r m e d  u s i n g  
a 5 -  10 micron wide beam and a 30 -  40 nannoamperes specimen 
c u r r e n t .  Each r e p o r t e d  r e s u l t  i s  an average  of n in e  s e p a r a t e  
p o i n t  a n a l y s e s ,  each p o i n t  be ing  a n a ly ze d  f o r  10 seconds .  A 
c o r a l  f r a g m e n t  c o n t a i n i n g  0 .81 w e igh t  % Sr (AA a n a l y s i s )
354
TABLE A -2
ATOMIC ABSORPTION ANALYSES 
OF STANDARD JB-1
This study
Five AA analyses at
CaO MgO
2.97
Fe
9.30
L.S.U.
7.71
(1981)
6.21 0
Mean (wt.%) 9.09 7.61 3.02 6.15 0
S.D. (wt.%) 0.11 0.10 0.10 0.06 0
Relative S.D. 1.2 % 1.3 % 3.4 % 1.0 % 1
Ando et al. (1971)
Mean (wt.%) 9.21 7.67 2.80 6.32 0,
S.D. (wt.%) 0.15 0.15 0.09 0.13 0,
% Error -1.3 -0.8 +7.9 +2.7 +5,
„ Mean L.S.U. - Mean (Ando et al., 1971) „ , „% Error = -----------------------------------     X 100
Mean (Ando et al., 1971)
Mn
.1 2
.12  
.00 
9 %
12
01
7
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was u se d  a s  a s t a n d a r d  f o r  s t r o n t iu m  d e t e r m i n a t i o n s .  The 
s t a n d a r d  f o r  magnesium a n a l y s e s  was a d o lo m i te  c o n ta in i n g  
1 2 .6 3  w t .  % Mg (AA a n a l y s i s ) .  I c e l a n d  s p a r  was used as  
a Ca s t a n d a r d  f o r  a n a l y s e s  o f  c a l c i t e s ;  whereas  Ca d e te rm in ­
a t i o n s  f o r  d o l o m i t e s  were based  on ca lc ium  c o n c e n t r a t i o n s  
in  a do lo m i te  s t a n d a r d .  F in a l  Ca, S r ,  and Mg c o n c e n t r a t i o n s  
were c a l c u l a t e d  u s in g  m icroprobe  d a t a  and a m o d i f ie d  ACREW 
program w i th  a Bence-Albee m a t r ix  c o r r e c t i o n  (Tracor  N o r t h e r n ) .
P r e c i s i o n  and Accuracy
Ca, Mg, and Sr  w e r e  c a l i b r a t e d  a t  t h e  b e g in n in g  of  
each  d a y ' s  a n a l y s e s .  B e f o r e  and  a f t e r  e a c h  s a m p le  was 
a n a ly z e d ,  s t a n d a r d s  were r e - a n a l y z e d  t o  v e r i f y  c a l i b r a t i o n .  
R e s u l t s  o f  a n a l y s e s  o f  s t a n d a r d s  a r e  shown i n  T ab le  A-3.
R e p l i c a t e  a n a l y s e s  o f  t h e  c o r a l  s t a n d a r d  s u g g e s t  t h a t  
be low 1 .0  w t .  % S r ,  Sr  p r e c i s i o n  ( 2 a )  i s  a p p r o x i m a t e l y  
± 10%. Below 0 .10  wt.  % S r ,  r e p r o d u c i b i l i t y  ( 2 a )  i s  a p p ro x i ­
m ate ly  ± 0 .01  wt.  % Sr (Table A -3 ) .  Background v a r i a b i l i t y  
( l a )  i s  a p p r o x i m a t e l y  0 .0 1  w t .  % Sr  f o r  each  10 se co n d  
c o u n t in g  p e r i o d .
R e p l i c a t e  a n a l y s e s  of  t h e  Mg s t a n d a r d  have a r e l a t i v e  
s t a n d a r d  d e v i a t i o n  (2cr)  of  a p p ro x im a te ly  2 %. At low Mg 
c o n c e n t r a t i o n s  ( l e s s  t h a n  0 .10  wt. %) , Mg r e p r o d u c i b i l i t y  
i s  a p p ro x im a te ly  0 .01  wt .  % (Table  A-3) . Background v a r i a t i o n  
( l a )  in  10 second a n a l y s e s  i s  ± 0 .010  wt.  % Mg.
To e v a l u a t e  t h e  a cc u ra c y  of e l e c t r o n  m icroprobe  a n a l y s e s ,  
s e v e r a l  m i c r o p r o b e d  s a m p le s  w e r e  a l s o  a n a l y z e d  by AA.
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TABLE A -3
REPLICATE ELECTRON MICROPROBE ANALYSES
Mean Sr ± l a  (wt.%) Mean Mg ± la
Coral Standard 63
Dolomite Standard 62
Iceland Spar 52
0.805 ± 0.041 
0.019 ± 0.006
12.63 ± 0. 
0.023 ± 0.
Note: n = the number of days for which mean Sr and Mg values were 
averaged
Programmed Sr value for coral standard is 0.810 wt. % Sr. 
Programmed Mg value for dolomite standard is 12.63 wt. % Mg.
(wt.%)
23
006
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R e s u l t s  a r e  shown i n  T a b l e  A -4 .  As d e m o n s t r a t e d  i n  t h e  
p r e v i o u s  s e c t i o n  on a to m i c  a b s o r p t i o n  s p e c t o p h o t o m e t r y , 
AA a n a l y s e s  f o r  Sr and  Mg w e re  a c c u r a t e  t o  b e t t e r  t h a n  
± 5 % .  In  c o m p a r in g  AA and  e l e c t r o n  microprobe  a n a l y s e s ,  
t h e r e  a r e  no s y s t e m a t i c  d i f f e r e n c e s  (Table  A - 4 ) . In  most 
c a s e s ,  t h e  AA v a l u e s  a r e  w i t h i n  one  s t a n d a r d  d e v i a t i o n  
( l a )  o f  t h e  m icroprobe  v a lu e s  (Table  A -4 ) .  Mean Sr v a lu e s  
d e t e r m i n e d  by e l e c t r o n  m i c r o p r o b e  a r e  g e n e r a l l y  w i t h i n  
10 % of  t h e  AA v a l u e .  Most mean Mg c o n c e n t r a t i o n s  de te rm ined  
by e l e c t r o n  m icroprobe  a r e  w i t h i n  15% of  t h e  AA v a lu e  (Table 
A-4) . S p a t i a l  v a r i a t i o n  o f  Sr and Mg c o n c e n t r a t i o n s  in  
most c a r b o n a te s  i s  q u i t e  l a r g e ;  he n ce ,  t h e r e  i s  a s i g n i f i c a n t  
p r o b a b i l i t y  t h a t  t h e  t r u e  Mg and Sr com pos i t ion  of  samples 
a n a l y z e d  by AA i s  d i f f e r e n t  f rom t h e  sam ple  an a lyzed  by 
e l e c t r o n  m i c r o p r o b e .  G iven  t h e  h e t e r o g e n e i t y  o f  t r a c e  
e l e m e n t s  i n  c a r b o n a t e s ,  t h e  Sr and Mg v a lu e s  o b t a i n e d  by 
e l e c t r o n  m icroprobe  a r e  i n  rem arkab ly  c l o s e  agreement  w i th  
AA v a l u e s .  When a n a l y z i n g  t r a c e  amounts o f  Sr and Mg in  
c a l c i t e  by m ic r o p r o b e ,  our r e s u l t s  a r e  g e n e r a l l y  a c c u r a t e  
t o  ±10% o r  ± 0 .0 1 0  w t .  % ( w h i c h e v e r  i s  g r e a t e r )  of Sr 
and Mg v a l u e s  d e te rm in ed  by AA a n a l y s e s .
S t a b l e  I s o t o p e s
Carbonate  samples a n a ly ze d  f o r  s t a b l e  carbon and oxygen 
i s o t o p e s  w e re  d r i e d  f o r  one h o u r  a t  70°C and t h e n  s e n t  
t o  C o a s t a l  S c i e n c e  L a b o r a t o r i e s  (CSL) i n  A u s t i n ,  Texas
TABLE A -4
COMPARISON OF ELECTRON MICROPROBE AND ATOMIC ABSORPTION ANALYSES
Sr (ppm)______________________  Mg (ppm)
Sample AA
Mean Probe 
Value ± la
Percent*
Difference
AA
within la 
of Probe AA
Mean Probe 
Value ± la
Percent*
Difference
AA
within la 
of Probe
XRI-164 1400 1470 ± 580 +5.0 Yes 2890 3200 + 1190 +10.7 Yes
XRI-231 996 1000 ± 250 +0.5 Yes 2940 3180 + 410 + 8.2 Yes
XRI-239 540 570 ± 20 +5.5 No 425 670 + 160 +57.6 No
XAR-234 1042 1210 ± 200 +16.1 Yes 2180 2310 + 400 + 6.0 Yes
XEN-89 1178 1180 ± 490 +0.2 Yes 2270 2360 + 910 + 4.0 Yes
Kl-24 3013 3240 ±1200 +7.5 Yes 1145 1280 + 220 +11.8 Yes
F-5-^0 347 310 ± 100 -10.7 Yes 8395 7930 + 2000 -5.5 Yes
F-6-16 257 300 ± 70 +16.7 Yes 5890 7030 + 1500 +19.4 Yes
F-6-30 236 220 ± 40 -7.3 Yes 7768 6940 + 2800 -10.7 Yes
CI-4; 54 1264 1290 ± 120 +2.1 Yes 1554 1330 + 150 -14.4 No
CI-4; 90 773 710 ± 100 -8.2 Yes 1062 1040 + 80 -2.1 Yes :
K-239;
37.5
1520 1600 ± 240 +5.3 Yes 1711 1830 + 470 +6.9 Yes
Core 12** 173 180 ± 60 +4.7 Yes 11.2*** 11.:3 ± 0.2*** +0.9 Yes
* (% Difference) =((Mean Probe - AA)/ AA) X 100
** (AA) = average of 4 analyses
*** = weight % Mg
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f o r  e x t r a c t i o n  and  m ass  s p e c t r o m e t r y .  At CSL, c a l c i t e  
samples were r e a c t e d  w i th  p h o sp h o r ic  a c i d  f o r  18 -  24 hours  
a t  25°C. CSL u se s  TCH as an i n t e r n a l  s t a n d a r d  and r e p o r t s  
a l l  v a lu e s  r e l a t i v e  t o  PDB. CSL c la im s  p r e c i s i o n  and accu racy  
t o  ± 0 . 2  o /oo  f o r  bo th  6 -^C and
A d i s g u i s e d  i n t e r n a l  s t a n d a r d  ( L .S .U .  So lenhofen  or  
NBS-20) was i n c l u d e d  a lo n g  w i th  each s e t  of  samples s e n t  
t o  CSL. R e s u l t s  o f  a n a l y s e s  of  th o se  i n t e r n a l  s t a n d a r d s  
a r e  shown in  Tab le  A-5.  A na lyses  of  t h o s e  i n t e r n a l  s t a n d a r d s  
h av e  s t a n d a r d  d e v i a t i o n s  ( l a )  f o r  b o th  carbon and oxygen 
i s o t o p e s  of  0 .1  -  0 .2  o /oo  (Table A -5 ) .
To check t h e  accu ra c y  of CSL a n a l y s e s ,  s p l i t s  of  i n t e r n a l  
s t a n d a r d s  and  s p l i t s  o f  some s a m p le s  w e re  s e n t  t o  CSL, 
t h e  U n i v e r s i t y  o f  T ex a s  a t  A u s t in  (UT), and t h e  Marathon 
R e s e a r c h  L a b o r a t o r y  ( L i t t l e t o n ,  C o l o r a d o )  f o r  a n a l y s i s .  
R e s u l t s  o f  i n t e r l a b  c o m p a r i s o n s  a r e  shown in  Table  A-6 . 
Oxygen a n a l y s e s  by CSL a r e  a lways w i t h i n  0 .3  o /oo  of  t h e  
mean w i th  an av erage  d i f f e r e n c e  of 0 .2  o /o o .  Carbon a n a l y s e s  
by CSL a r e  a lways w i t h i n  0 .2  o /oo  o f  t h e  mean w i th  an average  
d i f f e r e n c e  of 0 .1  o /o o .  A l l  t h r e e  l a b s  show s i m i l a r  v a r i a t i o n s  
r e l a t i v e  t o  t h e  mean fi-^C and  v a l u e s .  CSL oxygen
i s o t o p e  d e t e r m i n a t i o n s  a r e  c o n s i s t e n t l y  l i g h t e r  (0 .4  -  
0 .6  o /oo)  t h a n  UT d e t e r m i n a t i o n s .  Oxygen i s o t o p e  d e t e r m i n a t i o n s  
from t h e  Marathon R esearch  Lab a r e  n o t  c o n s i s t e n t  r e l a t i v e  
t o  t h e  o t h e r  two l a b s .
S t a b l e  c a r b o n  i s o t o p e  d e t e r m i n a t i o n s  show only  minor 
and  a p p a r e n t l y  random i n t e r l a b  v a r i a t i o n s  w i th  a maximum
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TABLE A -5
REPLICATE ANALYSES OF LIMESTONE STANDARDS 
FOR STABLE CARBON AND OXYGEN ISOTOPES
Coastal Science Laboratories (CSL)
NBS-20
. 13  _ 
o C
o
GOi-1<o
1
7 - 8 2 - 1 .  3 - 4 . 1
8 - 8 2 - 0 . 9 - 4 . 2
1 1 - 8 2 - 1 . 1 - 4 . 3
9 - 8 3 - 1 . 0 - 4 . 3
Mean ± - 1 . 1  ± - 4 . 2  ±
S .D . 0 . 2 0 . 1
Marathon Oil Laboratory
University of Texas (UT) 
L.S. Land
M
II
II
D.A. Budd 
Mean ± S.D.
LSU Solenhofen
6 1 3 C 6 O
5 - 8 2 + 3 . 0 - 3 . 1
1 1 - 8 2 + 2 . 8 - 3 . 0
2 - 8 2 + 3 . 1 - 2 . 7
8 - 8 1 + 3 . 1 - 2 . 8
3 . 0  ± - 2 . 9  ±
0 . 1 0 . 2
1 2 - 8 2 + 3 . 0 - 3 . 2
8 - 8 0 + 2 . 7 8 - 2 . 7 5
1 0 - 8 0 + 2 . 7 7 - 2 . 5 4
2 - 8 1 + 2 . 7 0 - 2 . 7 2
2 - 8 1 + 2 . 6 9 - 2 . 7 4
7 - 8 2 + 2 . 7 9 - 2 . 5 0
2 . 7 5  ± 
0 . 0 5
- 2 . 6 5  ± 
0 . 1 2
Note: All analyses in o/oo relative to PDB
INTERLABORATORY COMPARISON OF STABLE CARBON AND OXYGEN ISOTOPE ANALYSES
TABLE A -6
.18 10 0 °_____________________  Dev. from 6 O Mean
Sample CSL UT Marathon Mean CSL UT Marathon
F-9-2 1.2 1.8 1.15 1.38 -0.2 0.4 -0.23
XRI-239 -7.1 -6.5 -6.85 -6.82 -0.3 0.3 -0.03
LSU Sol. Std. -2.9 -2.5
-2.7
-3.2 -2.9 0.0 0.3 -0.3
F-12-5A 3.5 3.9 3.98 3.79 -0.3 0.1 0.18
F-12-5B 3.4 - 3.97 3.69 -0.3 - 0.28
Mean deviation
6 C
0.22
Dev.
0.27 
from 6 ^ C
-0.02*
Mean
F-9-2 1.9 1.8 1.8 1.8 0.1 0.0 0.0
XRI-239 -9.8 -9.6 -9.9 -9.8 0.0 0.2 -0.1
LSU Sol. Std. 3.1 2.8
2.7
3.0 2.9 0.2 -0.1 0.1
F-12-5A 2.3 2.1 2.09 2.16 0.1 -0.1 -0.07
F-12-5B 2.3 - 2.08 2.19 0.1 - -0.11
Mean deviation 0.10 0.0 -0.8
Note: All analyses in o/oo relative to PDB * Mean absolute difference = 0.20
Samples F-9-2, XRI-239, and LSU Sol. Std. are calcite.
Samples F-12-5A and F-12-5B are dolomite.
i n t e r l a b  d i f f e r e n c e  o f  0 .3  o / o o  (Table  A-6) . T h e r e fo r e ,  
t h e  acc u ra c y  of CSL s t a b l e  carbon  and oxygen i s o t o p e  a n a l y s e s  
i s  a p p a r e n t l y  s i m i l a r  t o  s t a b l e  i s o t o p e  l a b o r a t o r i e s  a t  
t h e  U n i v e r s i t y  of  Texas (Austin)  and Marathon O i l  Company.
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